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Abstract. Systems for guided wave (GW) based structural health monitoring are 

limited in the frequency bandwidth of the excitation signal due to the underlying 

wave’s dispersion that causes a broadening of the waveform along the waveguide. 

Hence, bandlimited waveforms such as toneburst or chirp signals are widely 

employed. Recently, the authors have investigated the potential of phase-modulated 

signals, known from CDMA-communication systems, as a possible way to overcome 

such limitation. It was found that this class of excitation enables a parallel 

transmission and reception of all piezoelectric transducers which may lead to a 

significant reduction in the overall system complexity, because channel switching is 

not required anymore. In addition, the signal-to-noise ratio of the measured signal can 

be improved by considering phase modulation signals of longer code length.  

 In this paper, we investigate phase-modulated signals in terms of their capability 

to transmit digital information on the health status of the structure through the 

structure itself. This may lead to autonomous GW-based SHM systems where the 

sensor nodes do not communicate with each other using radio frequency (RF) 

communication, but where the information are being delivered through the 

mechanical waveguide. A proof-of-concept will be demonstrated here on an isotropic 

plate using a Monte Carlo simulation. The implementation of the concept requires to 

compensate the guided wave signals from dispersion. Therefore, a suitable phase 

compensation designed on the group velocity of the GW-modes, is applied. Such 

transformation has two beneficial effects: 1) it compensates for the detrimental effect 

of dispersion, 2) it preserves the pseudo-orthogonality of the encoded pulses, because 

it is computed with a unitary operator.  

Introduction  

Data communication over acoustic waveguides has been employed in a variety of 

applications in which standard radio frequency (RF) or optical communication cannot be 

used or expenses are too high. The first example is an underwater telephone developed by 

the Naval Underwater Sound Laboratory in 1945 [1]. Since then several systems for 

underwater communication based on compressional waves have been demonstrated. One 

example is borehole communication where acoustic waves are sent across the drill string [2]. 

An orthogonal frequency-division multiplexing (OFDM)-scheme for acoustic telemetry is 

demonstrated in [3]. Similarly, long distance links for wireless communication of 40 m and 

70 m in water-filled pipes are shown in [4].  
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A second category for acoustic data communication is given by acoustic telemetry through a 

metallic wall, where the transmitter is placed on one side and the receiver is placed on the 

other side [5]–[7]. In this case a solid and not a liquid waveguide is considered, which enables 

the transmission of higher ultrasound frequencies and thus a larger bandwidth. Ultrasound 

through-wall communication is also combined with energy harvesting [8] and remote power 

delivery [9]. 

Thirdly, acoustic data communication can be performed with guided ultrasound waves (GW). 

Recently, the time reversal pulse position modulation (TR-PPM) was demonstrated in [10], 

[11] for data communication in isotropic materials that can eliminate the effect of multiple 

wave modes and frequency dispersion. However, such an approach cannot be used when 

multiple transducers communicate with each other at the same time due to mutual 

interference. The metallic tube in that study represents a one-dimensional waveguide with a 

rather low structural complexity.  

One-dimensional guided wave communication is also performed in a corrosion resistant 

multi-wire cable [12]. A pulse position modulation is employed here in which the data 

information is modulated in the time-delay between pulses in a sequence of signal pulses. 

Here, dispersion is not compensated so that the degree of waveform spreading determines 

the achievable data-rates. The longer the waveforms in time domain, i.e. the stronger the 

effect of dispersion, the lower is the performance of the wireless communication link. 

A low power and low-rate ultrasound communication scheme for elastic waves is proposed 

in [13], [14], where the modulation is performed by chirp-on-off keying. A chirp signal 

represents bit ‘1’ and no signal stands for a bit ‘0’. This approach is demonstrated by means 

of a metallic tube, in which the excited torsional wave mode is non-dispersive [15]. A further 

example is stress wave communication in concrete by means of phase shift keying (PSK) 

with quadrature amplitude modulation (QAM) [16], [17]. 

The novelty of this paper is to demonstrate transducer-to-transducer communication in a 

planar dispersive waveguide with isotropic material properties. Therefore, binary phase-

modulated signals are employed where each transmitting element is uniquely encoded by a 

sender-specific code [18]. Such excitation enables simultaneous transmission and reception 

of all piezoelectric actuators which may lead to a significant reduction in the overall system 

complexity, because channel switching is not required anymore.  

The rest of this paper is organized in the following way: Section 2 presents the theory of code 

division multiple access (CDMA) data communication in an isotropic dispersive waveguide, 

where the dispersion properties of the fundamental antisymmetric wave mode are considered. 

This part also describes the concept of phase/dispersion compensation. After that, Section 3 

presents a Monte Carlo simulation in which the communication link between two 

piezoelectric transducers on an isotropic plate is considered. Finally, conclusions are drawn 

at the end. 

2. Theoretical background  

2.1 Dispersion Compensation 

Let us suppose that a piezoelectric 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 購. The guided 

waves propagating in such structure can be calculated with Semi-Analytical Finite Elements 
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methods (SAFE [19]). If 鯨岫血, 0岻 is the Fourier Transform (FT) of the actuated signal s(t,0), 

the FT of s(t, D) can be computed as: 鯨岫血, 経岻 噺 鯨岫血, 0岻 ∙ 結貸沈態訂完 邸呑謎岫底岻鳥底肉轍  (1)

where 酵帖暢岫血岻 is the group delay associated to the M-th mode propagating for a distance D. 

More specifically, such quantity can be computed as 酵帖暢岫血岻 噺 経/潔訣暢岫血, 購岻   (2)

where 潔訣暢岫血, 購岻 is the M-th wave group velocity dispersion curve. It is even possible to 

extend this calculation to the case of waveguides with varying cross-sections [20], [21], but 

this goes beyond the scope of this paper. 

 

The non-linear frequency dependence of the phase term in Equation (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 伐酵帖暢岫血岻 in the phase spectrum: 鯨頂墜陳椎岫血, 経岻 噺 鯨岫血, 経岻 ∙ 結沈態訂 完 邸呑謎岫底岻鳥底肉轍  (3)

2.2 Signal processing for digital data extraction 

CDMA is well known in wireless data communication [22]. 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. 

 

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.  

 

 

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

 

Many CDMA receiver strategies have been proposed in the literature for demodulating the 

transmitted data information. One possible approach is presented here by means of Fig. 2 

using the following six steps: 

 

Step 1:  dispersion compensation (using the method described in the previous section); 

Step 2:  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 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 

spreading 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. Results 

3.1 Simulation setup: Lamb wave propagation in a uniform aluminium plate 

In this paper we consider the case of a single actuator in an aluminium plate, with a constant 

thickness of 1.5 mm, that emits a random bit sequence with NB=10,000 bits. Each bit is 

encoded by a chip sequence of Gold codes that has the length 2Nc-1, where Nc=3…5. The bit 

sequence is binary phase modulated at a carrier frequency of 70 kHz before the transmission. 

A receiver is placed at the distance D=0.3 m. We assume that only the fundamental 

antisymmetric wave mode propagates in the structure. This wave mode has the group velocity 

characteristic presented in Fig. 3. The goal of the proposed study is to recover the whole bit 

sequence at the receiver and to estimate the bit error rate (BER), i.e. the number of bits that 

are correctly/incorrectly detected by the receiver. 
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Fig. 3. Group velocity dispersion curve of the antisymmetric wave mode in the 1.5mm thick aluminium 

waveguide (Young Modulus E=70 GPa, Poisson ratio ν=0.34 and material density ρ=2,700 kg/m³). 

 

3.2 Step-by-step example to illustrate the demodulation scheme 

Fig. 4 illustrates major steps in the signal processing chain for the noise-free case that was 

outlined in Section 2.2. The power spectral density (PSD) of the phase-modulated signal is 

shown on the top left. It can be seen that the effective bandwidth of the signal is about twice 

the centre frequency, i.e. about 150 kHz. This leads to strong dispersion in the received signal 

as shown in red colour on the top right of Fig. 4. Amplitude related-effects due to beam 

spreading have been neglected here. Obviously, frequency dispersion alters the shape of the 

signal and forces a compensation to support the proposed data recovery scheme. In a next 

step, the demodulated signal as well as the recovered chip sequence is shown on the bottom 

left of Fig.4. In case of low SNR multiple chips are incorrectly estimated by taking the 

average along the demodulated signal for a chip duration of Tc. Finally, the corresponding 

Gold code for a code length of Nc=3 is illustrated on the bottom right of Fig. 4. This code 

sequence is multiplied with the recovered chip sequence and the sign of the average of that 

product indicates whether the corresponding data bit is (+1) or (-1), respectively. 

 

 

Fig. 4. (top left) PSD of the phase-modulated signal; (top right) dispersive and dispersion-free receiver signal; 

(bottom-left) demodulation and recovered chip sequence; (bottom right) corresponding Gold code. 
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The left column of Fig. 5 shows noisy signals for different code lengths. It can be seen that 

the signal is almost buried in noise. On the other hand, the right column of Fig. 5 presents 

the corresponding demodulated signal. It is important here to consider the sign of the 

recovered chip sequence in relation to the original chip sequence. The graphs indicate the 

correct demodulation (red dots) and incorrect demodulation (green dots) for the same signal-

to-noise ratio. The longer the code length the less affected is the bit recovery from individual 

chip demodulation failures.  

 

Fig. 5. (left column) noisy receiver signal for different code length. The useful signal is almost completely 

buried in noise (right column) comparison of the sign of the demodulated and the original chip sequence. 

3.3 Results of the Monte-Carlo simulation 

The Monte Carlo simulation is based on three different code lengths Nc=3…5. A random bit 

sequence of 10,000 bits is tested at various signal-to-noise ratio. The result of the Monte-

Carlo simulation is presented in Fig. 6 showing the BER as a function of Eb/N0, i.e. the energy 

per bit (Eb is equal to the signal power divided by the user bit rate) to noise power spectral 

density ratio. Eb/N0 is an important metric in digital communication and is proportional to the 

signal-to-noise ratio of the signal. Three major observations can be drawn: 

1. The demodulation procedure completely fails without dispersion removal. 

2. the proposed scheme provides BER curves in very good agreement with those 

obtained from an elastic wave propagating in a dispersion-free waveguide; 
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3. It can be seen in this graph that the code length has a significant impact on the BER. 

A longer code length has performance advantages due to the fact that the matched 

filter (step 4) can be performed over a longer code sequence. This improves the 

probability of a correct demodulation.  

 

Fig. 5. Bit error performance estimation of a Monte Carlo trial. It can be observed that the bit error 

performance increases with longer code lengths. 

4. Conclusions  

This paper presents, for the first time, a code-division multiple access (CDMA) approach for 

data communication between two piezoelectric transducers in a dispersive elastic waveguide. 

In contrast to related acoustic communication approaches, e.g. based on time-reversal 

techniques, the proposed methodology enables simultaneous transmission of multiple 

transducers by uniquely coding each transmitter. It was found in this study, that dispersion 

compensation is crucially important to enable high-performance data communication links. 

Moreover, a longer coding sequence improved the bit error rate (BER). 
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