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Abstract 
Besides being used for inspections, piezoelectric transducers can be adopted to communicate 
the results of the inspection itself, for example a damage indicator, to a central processing 
unit, thus avoiding the need of communication cables or radio modules. However, classical 
coding and decoding procedures based on matched filters lose their effectiveness in case of  
guided wave communications because of the detrimental effect of dispersion. A new decoding 
procedure capable to compensate for dispersive guided waves signals propagating in regular 
and irregular waveguides is proposed in this work. The presented procedure is suitable for 
guided waves communications in irregular waveguides and can be applied in many 
Structural Health Monitoring (SHM) applications. A proof-of-concept related to a tapered 
steel rod will be demonstrated. 

 
1 INTRODUCTION 

Guided waves have attracted a considerable interest as a mean to perform inspections in 
structures. Generally, transducers are employed to actuate and receive the elastic guided 
waves that are subsequently treated via signal processing tools to extract those features 
sensitive to structural changes. The same transducers can be adopted to communicate the 
results of the inspection, for example a damage indicator, to a central processing unit [1], thus 
avoiding the need of communication cables or radio modules. To this aim phase-modulated 
excitation signals, known from Code division multiple access (CDMA) communication 
systems, could be employed.  

This class of signals enables a simultaneous transmission from all transducers leading to a 
significant reduction in overall system complexity, because channel switching is not required 
anymore. In addition, phase modulated signals are useful to improve the signal-to-noise ratio. 
However, phase modulated signals have a limited effectiveness for guided wave 
communications since classical decoding procedures based on matched filters fail due to the 
detrimental effect of dispersion. Such limit is even more pronounced for irregular 
waveguides composed by segments with (i) different material properties, (ii) different cross-
sections, (iii) tapered geometries, as well as (iv) different radii of curvature (for instance a 
bent pipe in a pipeline), and thus characterized by a varying dispersive behavior. 

 
To tackle this problem, in this work a new decoding procedure capable to compensate for 
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dispersive guided waves signals propagating in regular and irregular waveguides is proposed. 
The method is based on an accurate computation of the group delay of a single guided mode 
associated to the transmitter-receiver propagating path [2]. Such group delay can be 
computed for guided wave propagating in tapered waveguides can be precisely computed if 
the input and output point, as well as the dispersion curves in a series of cross-sections from 
the input to the put point locations along the waveguide, are known.  

In force of the predicted group delay, the proposed procedure is capable to compensate for 
dispersion and decode phase-modulated input pulses even in irregular waveguides. As such, 
the presented procedure is suitable for guided waves communications in irregular waveguides 
and can be applied in many structural health monitoring (SHM) applications. A proof-of-
concept related to a tapered steel rod will be demonstrated. 

 

2 PULSE CODING 

The concept of code division multiple access (CDMA) is well known in wireless data 
communications. The contribution of this paper is to transfer the CDMA-technique to 
ultrasound guided waves communication, which are dispersive elastic waves that propagate 
in elastic waveguides, considering also irregular waveguides. 

 
Fig. 1 is the starting point of the discussion and illustrates the synchronous CDMA 

concept. Each actuator sends a unique bit sequence b1 … bNA. Each digital bit, which can be 
a damage indicator in Structural Health Monitoring applications, is encoded by a sequence of 
multiple digital chips. The sender-specific coding sequence ci consists of NC chips and a chip 
duration of TC. Each chip can have binary states of +1 or -1, respectively. In a next step, the 
binary phase modulated sequence is transmitted as signal si(t) by the actuating transducer Ai. 
In contrast to time-division multiplexing all transducers in the system NA can emit the signals 
simultaneously. The waves experience amplitude and phase changes that are related to beam 
spreading and dispersion effects indicated by the factor k1(f,d) … kNA(f,d). Finally, a signal 
mixture having potentially contributions from all the actuating transducers with 
superimposed noise arrives at the j-th receiving element Rj. 

 

 
Fig. 1. CDMA-transmission model for multiple transmitting piezoelectric actuators NA. 

 
Many CDMA receiver strategies have been proposed in the literature for demodulating the 
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transmitted data information. One possible approach is presented here by means of Fig. 2 
using the following six steps: 

 
Step 1:  the received signal is demodulated by correlation with a harmonic signal at the 

carrier frequency of the ultrasound wave (typically in the order of tens of kilohertz); 

Step 2:  dispersion compensation (using the method described in the subsequent section); 

Step 3:  chipwise average to transform the continuous signal into a digital data stream; 

Step 4:  matched filter to correlate the digital data stream with the known sender-specific 
coding sequence ci; 

Step 5:  sign detection on the average of the digitized matched filter signal to evaluate if the 
corresponding bit value has a positive (+1) or negative sign (-1); 

Step 6:  estimation of the original bit sequence. 

 

Fig. 2. Basic CDMA-receiver model in dispersive elastic waveguides. Novel in the receiver chain is the 
dispersion compensation module indicated by the dashed line. 

 

3 DISPERSION COMPENSATION IN IRREGULAR WAVEGUIDES 

Let us suppose that a transducer is excited by means of a coded waveform s(t,0), i.e. the 
binary phase-modulated bit sequence, and the signal s(t, D) is the undamped wave mode M 
acquired at a distance D by a given receiver. In addition, let us suppose that the wave 
propagates in a uniform cross-section waveguide with cross-section . If  is the 
Fourier Transform (FT) of the actuated signal s(t,0), the FT of s(t, D) can be computed as: 

 

(1) 

  
where  is the group delay associated to the M-th mode propagating for a distance D. 
More specifically, when the waveguide is regular (i.e. the cross-section is constant and the 
materials properties constant as well) such quantity can be computed as: 

 (2) 

where  is the M-th wave group velocity dispersion curve for the cross-section . As 
was shown in Ref. [2], the group delay computation can be extended to the case of 
waveguides with slowly and continuously varying cross-sections σ(x), also termed irregular 
waveguides, by computing the following integral: 

 

 

(3) 
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where x is the spatial coordinate. However, for the purpose of this work, the non-linear 
frequency dependence of the phase term in Eq. (1) which is caused by the dispersive 
propagation hampers the possibility to decode the acquired signal effectively. For this reason 
it is necessary to counteract the dispersion by forcing an opposite term  in the phase 
spectrum which results in the following compensated signal: 

 (4) 

As such, Eq.(3) plays a key role in the possibility to exploit phased-modulated signal for 
guided waves communication in irregular waveguides. Such relation has been validated in 
Ref. [2] and a further numerical validation is provided in the following section. 

4 VALIDATION VIA FINITE ELEMENT SIMULATIONS  

The proposed compensation procedure can be validated by comparing the group delay 
curves computed via Eq. (3) for an irregular waveguide with the spectro-temporal 
representations of time-transient events related to waves. To this aim, in the following, FE 
simulations will be performed to simulate guided waves signals propagating in an irregular 
waveguide and the spectrogram will be used to extract the spectro-temporal patterns to be 
compared with the predicted group delay curves.  

In particular, a tapered axialsymmetric steel rod is considered. As well-known, torsional 
(T), longitudinal (L) and flexural (F) waves can exist in isotropic axisymmetric waveguides 
with uniform cross-section as uncoupled modes [3]. The three families of waves T, L and F, 
also exist as uncoupled modes in axially symmetric tapered waveguides for which the 
dispersion curves, in the classical sense, do not exist because of the cross-section is changing 
dimension versus the axis of propagation.  

In the linear dynamic time transient finite element simulations, a steel rod with total length 
xL=2000 mm, initial radius at x=0 equal to R1= 10 mm, final radius at x= xL equal to R2= 25 
mm and a constant tapering parameter is considered. Steel is considered as a linear elastic 
material with Young’s modulus E = 195 GPa, Poisson’s ratio  = 0.29 and density  = 7800 
kg/m3.  

 
Guided wave propagation is simulated by means of finite element simulations using the 

commercial code STRAUS7 [4]. The FE analyses are designed to mainly generate and detect 
the adiabatic longitudinal waves, i.e. those waves that propagate in waveguides with non-
constant cross-section, and in particular the LA(0,i) waves, where the superscript A is used to 
denote that the modes are adiabatic. Among these, the fundamental adiabatic LA(0,1) mode is 
of interest here also because it does not encounter the frequency-thickness cut-off problem 
(as it will be shown later).  

As such, the three-dimensional wave propagation problem is reduced to a two-
dimensional one by exploiting the axial symmetry of the problem. In particular an 
axialsymmetric r-x finite element model is built where the r-axis is along the waveguide 
radius and the x-axis along the waveguide axis of symmetry (see Fig. 4).  
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Fig. 3. Schematic representation of the finite element model considered in the analyses. The model considers a 
structured mesh of  26124 QUAD4 plate axially symmetric elements 

 

LA(0,i) waves are excited by applying a time dependent displacement ux(t) on the central 
node of the cross-section at x=0 only and the radial displacement is detected on the outer 
surface of the waveguide at different points. In particular, two different time waveforms of 
the imposed displacement (shown in Fig. 4) are considered in actuation: a triangular pulse of 
short duration and the phase-modulated sequence used for communications. In the current 
work, each bit is encoded by a chip sequence of Gold codes that has the length equal to 7 (see 
Fig. 4). The bit sequence is binary phase modulated at a carrier frequency of 70 kHz to 
generate the transmitted pulse. 

 

 

Fig. 4. Input pulses used to actuate guided waves in the considered tapered rod.  

 

r, ur 

x, ux u0(t) 
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Fig. 5. Phase velocity curves for the considered steel rod with different radii: red and blue lines represent curves 

associated to R1= 10mm and R2= 25mm, respectively. The power spectrum of the actuated spread spectrum 
pulse (Gold coding, code length = 7) is overimposed as a green area. 

The spectra of the two pulses, depicted in Fig. 4 (bottow row) are reported with arbitrary 
amplitude in Fig. 5 too: the thin blue line is related to the triangular pulse, while the coded 
pulse spectrum is shown in green. In the same figure, the dispersion curves are plotted in 
terms of phase velocity for L(0,i) modes, i.e. the longitudinal modes existing in two axially 
symmetric waveguides having uniform cross-section and made of Steel. More specifically: 
Curves related to circular cross sections with radius R1= 10 mm are depicted in red and 
curves related to circular cross sections with R2= 25 mm are depicted in blue. 

As shown in Ref. [2], the dispersion curve of the LA(0,1) wave propagating in the tapered 
waveguide lays between those of the fundamental L(0,1) mode for the regular waveguide 
with R1 and the one with radius R2. 

In Fig. 6, the time-frequency analysis of the received signal ur(t) taken on the outer surface 
of the waveguide at x=500 mm, when the actuating pulse is the triangular pulse, is shown. 
The group delay curve for the tapered rod computed according to Eq. (3) is overimposed to 
the time-frequency spectrum. As it can be noted, the plot confirms the adequacy of the group 
delay prediction method.  

It follows that Eq. (3) can be effectively applied to compensate a guided wave signal 
propagating in an irregular waveguides exploiting Eq. (4) of the present work. Given this 
result, guided waves communications can be extended to irregular waveguides as shown in 
the next section. 
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Fig. 6. Time-frequency analysis of a simulated transient. The solid black line represents the group delay curve 

computed with the method detailed in [2]. 

 

5 COMMUNICATIONS TESTS 

Let’s consider now a transient finite element simulation of the tapered waveguide in which 
the phase modulated pulse is used to shape the imposed displacement in input. The 
transmitted pulse (blu) and the received waveform (red) at x=500 mm are depicted on the top 
left plot of Fig. 7, where all the major steps in the signal processing chain for the pulse 
decoding are shown. The power spectral density (PSD) of the phase-modulated signal is 
shown on the bottom left plot. It can be seen that the effective bandwidth of the signal is 
about twice the central frequency, i.e. about 150 kHz. This leads to strong dispersion in the 
received signal, as shown in red color on the top left plot. It is worth noting that the received 
waveform includes the first incident wave and the wave reflected from the right end of the 
tapered rod.  

Considering the group delay curve of the adiabatic LA(0,1) wave, the one represented in 
Fig. 6 with a black line, the application of the proposed processing procedure allows to 
compensate for dispersion the first incident wave (see the top right plot) but not the reflected 
pulse as it has traveled a different distance. However, the processing steps 3-6 are still 
suitable to properly recover the transmitted bit sequence (bottom right plot in Fig. 7). 
Obviously, frequency dispersion alters the shape of the signal and forces a compensation to 
support the proposed data recovery scheme.  
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Fig. 7. Top left subfigure: Transmitted (blue) and received (red) waveforms in the tapered waveguide. The 

transmitted waveform is a phase modulated pulse. Bottom left subfigure: Spectrum of the actuated pulse. Top 
right subfigure: received waveform after dispersion compensation. Bottom right subfigure: Bit sequence 

recovery. 

6 CONCLUSIONS 

This paper presents a code-division multiple access (CDMA) approach for data 
communication between two transducers in a dispersive and tapered waveguide. The 
proposed methodology is based on the prediction of the group delay associated to an 
adiabatic guided mode that can propagate in the irregular waveguide. Such prediction relies 
on the dispersion curves associated to the different cross-sections of the irregular waveguide. 
It was found in this study, that dispersion compensation is crucially important to enable high-
performance data communication links.  
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