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Abstract—Guided wave-based monitoring systems which in-
volve multiple transmitting piezo-transducers permanently in-
stalled on structures, often rely on time or frequency-division
multiplexing schemes. Alternatively, strategies employing code-
division are becoming increasingly popular. These techniques
are beneficial since the transmitted signals can be used at the
same time for probing the inspected structures and for commu-
nicating data. However, to implement effective communication
mechanisms, the detrimental effects due to multipath fading and
those associated to dispersion and multi-modal propagation, must
be counteracted. The objective of this work is to implement an
effective GW communication system capable to overcome such
mentioned problems and the in-operation mutual interferences
between active transmitters. Exploiting a Direct Spread Spectrum
modulation scheme, packets of bits encoded by Kasami sequences
were conveyed through an aluminum beam instrumented with
commercial sensors. The dependency on the amplitude of the
actuated pulses as well as well as the influence of the inter-
communication distances were specifically evaluated, thus char-
acterizing the performances of the proposed strategy.

Index Terms—code-division multiplexing, direct spread-
spectrum modulation, guided wave-based communication system,
dispersion compensation

I. INTRODUCTION

Ultrasonic Guided Waves (GWSs) have been increasingly
applied as a reliable tool to assess the global integrity of thin-
walled structures. Two main properties contributed to the dif-
fusion of such a non-destructive evaluation (NDE) technique,
namely (i) their inherent capability to travel long distances
with a minimal energy dissipation and (ii) the concurrent
sensitivity both to inner flaws (e.g. delaminations) and surface
defects (e.g. corrosion, cracks, impacts) [1]. Moreover, the
aptness of these waves to perform a punctual inspection of
wide areas can be combined with the supplementary ability of
state-of-the-art transducers to exchange information over the
mechanical wave-guide itself. Therefore, a new approach for
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the monitoring of harsh or inaccessible scenarios, in which
typical communication systems are prone to fail, is suggested.

More specifically, GW-based communication systems can
be seen as an unconventional wireless transmission solution,
which takes advantage of the elastic medium as a form of
communication channel and the elastic waves as the signals
carrying information [2]. Thus, no additional cables or radio-
frequency modules are still required. Several engineering
fields may benefit from this innovative communication strat-
egy, mainly encompassing industrial applications related to
variously-shaped structures (i.e., oil [3] or corrosion [4] cables,
tubing pipes [5], [6]). Similarly, civil and avionics [7] scenar-
ios cannot be discarded. Nonetheless, despite their promising
results, the above mentioned works substantially deal with
time or frequency-division multiplexing schemes, which in-
trinsically imply a trade-off between the channel availability
and the desired defect resolution. Alternatively, a recent and
ready to be investigated research topic concerns Code-Division
Multiple Access (CDMA) communication systems [8]-[10],
whose main benefits stem from the full bandwidth allocated
to each actuator without provoking mutual disturbances among
them.

However, to implement effective communication mecha-
nisms, the detrimental effects due to multipath fading and
those associated to dispersion and multi-modal propagation,
which are peculiar of ultrasonic GWs, must be counteracted.
This work aims at designing an effective GW communication
system capable to overcome such mentioned problems and the
in-operation mutual interferences between active transmitters.
To achieve this purpose, a CDMA-based approach is adopted.
The remainder of the paper is arranged as follows. Section
II-A pertains to the basic principles of the employed CDMA-
oriented pulse encoding strategy. Simultaneously, the main
idea behind the adopted dispersion compensation procedure
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is introduced in Section II-B. An experimental validation is
presented in Section III, during which digital signals were
encoded and transmitted over a slender aluminum beam.
The performances of the proposed framework were verified
under different input energies and increasing communicating
distances. Conclusions are discussed at the end.

II. CDMA-ORIENTED GW-BASED COMMUNICATION
SYSTEMS

An effective GW-based communication system should
tackle two main issues, the former involving the requirement
of advanced pulse coding strategies, the latter aiming at
compensating the intrinsic dispersive nature of elastic waves.

A. Direct Spread Spectrum pulse coding

Communication networks comprising multiple transmitting
nodes represent the most common use-cases deployed for
monitoring purposes. As such, the adoption of ad-hoc en-
coding procedures is fundamental to preserve orthogonality
between active transducers and consequently reduce their mu-
tual interference. On top of that, a suitable CDMA solution is
provided by Direct Spread Spectrum (DSS) modulation. Given
a sender-specific binary stream generated at a symbol rate f,
this technique encodes each bit with a sequence of L pseudo-
noise (PN) chips produced at a chipping frequency f. = Lf;
[11]. Thereby, the modulating effect of the PN code spreads
the energy of the transmitted signal over a substantially wider
spectral band, increasing the equivalent bit-rate proportionally
to the spreading factor L [12]. The resulting signal to be
transmitted consists of a phase-modulated sequence of bits
actuated as an elastic wave. At the receiving node, after
a mixture signal is acquired, the demodulation step can be
performed by means of a matched filter.

Consequently, choosing the proper noise-like carrier code
plays a crucial role for achieving ideally zero disturbance
among different transmitting users. A general rule-of-thumb
should prefer the adoption of highly incorrelated sequences.
Therefore, after despreading, the structural information sent
by each actuator is protected [13] and correctly delivered. As
demonstrated for classical CDMA-oriented wireless commu-
nication systems, Gold, Kasami or Walsh codes are among the
most effective strategies [14].

B. Dispersion compensation

The specific kind of GWs considered in this work coincide
with Lamb waves, chosen for their reliability to identify most
types of mechanical damages especially occurring in thin
structures. They are characterized by a multimodal propa-
gation profile, additionally subjected to beam spreading and
dispersive phenomena exhibited as changes in group and
phase velocity. These variations primarily derive from physical
and in-operation working conditions. The boundaries of the
interrogated component may also induce multiple reflections
in the recorded signals [1].

Let s(¢,0) and s(t, d) describe respectively the coded wave-
form exciting a piezoelectric transducer and the undamped

M wave mode received at a distance d, traveling in a wave-
guide with uniform cross-section o and characterized by a
wave group dispersion curve cy( f,0). The relation in the
frequency domain between the two signals is

S(f,d) = S(f,0) 27 [ 7d" (@)do 0

with 7M(f) = W‘ifﬁ) indicating the group delay.

The detrimental effects of the scattering phenomena act
as a non-linear frequency term in equation (1), hinder-
ing the efficacy of the demodulating process independently
from the adopted communication scheme. Accordingly, post-
multiplying the phase spectrum of the received signal by an
opposite term —777(f)

Seomp(f,d) = S(f, d) 2™ 7" (@)da -

might be considered as an effective counteracting solution.

Accordingly, Figure 1 synthetically depicts the complete
processing flow necessary to implement the proposed GW-
based communication system. A dedicated processing for
dispersion compensation is also comprised. For more details,
the complete list of operations involved in each step can be
found in [10].

III. EXPERIMENTAL VALIDATION
A. Materials and methods

The validation of the GW-based communication system was
performed on a 2000 mm x 35mm X 2mm aluminum beam
instrumented with two commercial sensors (P-876 DuraAct
Patch Transducers) glued on its surface and deployed in a
transmit-receiver (TX-RX) configuration. As shown in Figure
2, the electronic equipment also comprised a waveform gener-
ator connected to the actuator node and operating at a symbol
rate f; = 189kHz. The carrier frequency of the ultrasound
wave was experimentally determined during a preliminary
analysis, in which successive sinusoidal signals, tuned on
different frequency tones, were sent through the mechanical
wave-guide. In compliance with the Lissajous method, the
frequency to be selected belongs to the configuration revealing
the best input-output linear relationship, that is the frequency
which carries most of the energy of the structure. Conse-
quently, this choice minimizes the intrinsic wave attenuation.

The communication tests were instead executed by trans-
mitting random packets of 100 spreaded bits encoded by
Kasami sequences of length L = 26 — 1, thus ensuring good
cross-correlation properties. Hence, modulated signals were
sent according to an equivalent chipping rate f. ~ 12 MHz
and finally sampled by means of an oscilloscope operating
at fo = 25MS/s. Demodulation was achieved by matched
filtering the received data compensated for dispersion, once
wave group dispersion curves were computed with the Semi-
Analytical Finite Element method [15].

In detail, two main issues were addressed during the exper-
imental campaign, analyzing how the energy of the actuated
pulses and the inter-communication distances might affect the
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Fig. 1.
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Synthetic overview of the processing flow adopted for CDMA-oriented communication systems exploiting elastic waves. Beside modulation and

demodulation steps which are performed according to classical DSS modulation principles, a compensation procedure is inserted to account for the detrimental

effects of dispersion.
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Fig. 2. Experimental setup for GWs-based communication tests over a
slender aluminum beam. Five different inter-communicating distances were
considered, whereas the amplitude of the actuated signal was regulated by
means of a waveform generator.

quality of the delivered information. The Bit Error Rate (BER),
i.e. the percentage of incorrectly decoded bits with respect to
the total amount of transmitted symbols, was employed as a
quantitative measure. To achieve this purpose, the transmission
range was almost uniformly moved from 15cm to 185cm,
while fixing the position of the RX device at one edge of the
beam. Simultaneously, the amplitude of the pulsed signal was
gradually increased from 0.5V to 20.0 V, nearly doubling at
each step the level of the provided input. To summarize, a
total amount of five distances and six different voltages were
globally investigated.

B. Results

Coherently with the kind of experiments executed, the first
instance to be considered concerns the influence of the trans-
mission ranges on the quality of the decoded signals. Results
depicted in Figure 3 pinpoint an almost linear dependency
between BER percentages and communication distances. On
the other hand, it is worth noticing that the error in signal
reconstruction is extremely sensitive to the amplitude of the
actuated pulses, BER values obeying to a nearly inverse pro-
portionality as input energy drops below a minimum spatially-
dependent threshold.

Performing a cumulative evaluation, the coherence of the
obtained outcomes is theoretically supported by the linear
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Fig. 3. BER trends as functions of input voltages and distances

dependency in spectral domain between the amplitude of
the acquired signal and the energy of the transmitted one
(see Equation (1)). As such, it is reasonable to witness an
exponential deterioration in the performances of the system
as the supplied voltage decreases. Figure 4 confirms this
experimental evidence being the signal-to-noise ratio (SNR)
noticeably lower for low-level amplitude signals; hence, it is
more difficult to detect the incident wave front and accordingly
discern among meaningful information and noise.

Conversely, the exponential decay appearing in Equation
(1) relates the spatial term to the amplitude of the wave mode
via a non-linear operator, meaning that it is not possible to
analytically derive or predict the correspondent effect on the
quality of the digital communication. Moreover, the scenario in
which communication quality worsens the longer the transmit-
ting range does not hold for every inspected distance, as proven
by reading the graph at constant generated pulses magnitude.

For the sake of clarity, Figure 5) reveals that, for 1V
input signals, a transmission range of 65cm is not suitable
due to the reduced SNR, which justifies the corresponding
out-of-order BER. A feasible explanation for this evidence
may be found in the detrimental interaction of the guided
wave with the physical boundaries. Such interference sources
can cause reflections and consequent destructive signal su-
perimposition, which might not be negligible especially for
a thin and tight structure like that considered. Therefore,
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Fig. 4. Received signals related to the transmission of a single bit while
decreasing the amplitude of the actuated pulses. The communication distance
was kept constant at 105 cm.
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Fig. 5. Received signals referred to the transmitting a single bit after
increasing the inter-communication distance. Results refer to a fixed supplied
voltage of 1V, whereas values in the ordinate axis are expressed in mV.

certain TX-RX positions could be favorable with respect to
the mechanical and dispersion characteristics of the structure
under test. It follows that, if the best system configuration is
chosen, wider communication ranges can be covered with a
lower input energy, without impinging on the accuracy of the
delivered information. A more robust transmission channel is
thus defined.

IV. CONCLUSIONS

This work concerns the mapping of the classical CDMA
modulating technique to GW-based communication systems,
precisely exploiting spectral spreading technique which are
beneficial in presence of multiple actuating nodes. The main
goal is to create smart structures which are simultaneously ca-
pable of performing structural health evaluation and conveying
the results of the inspection (e.g. damage indicators) through
the mechanical wave-guide itself, removing the requirement
of additional elements. Besides, in order to counteract the

detrimental effect of dispersion resulting from beam spreading
and reflections, a compensation procedure is addressed to,
before demodulating the received signals. An experimental
validation of the proposed modulating scheme is performed
on a slender aluminum beam. Results proved that even low-
voltage power supply could be provided to travel long dis-
tances when preferable system configurations are selected.

Future works will deal with more complicated scenarios
crowded by denser arrays of active transducers, also compris-
ing damaged conditions which can mimic real structural status.
Worthy to be investigated, a more exhaustive characterization
of the mechanical guide would allow to define the inter symbol
interference and consequently to quantitatively design the best
sensor deployment.
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