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ABSTRACT This article demonstrates the use of guided elastic waves (GEW) for multiple-in and
multiple-out (MIMO) data communication in the framework of a structural health monitoring (SHM) system.
Therefore, miniaturized low-voltage communication nodes have been developed. They are arranged in a
spatially distributed and permanently installed network. Wireless exchange of encoded information across a
metallic plate and a stiffened carbon-fiber reinforced plastics (CFRP) structure is investigated. A combination
of square-wave excitation sequences and frequency-division multiplexing (FDM) is explored for parallel
communication with multiple nodes. Moreover, the impact of the excitation-sequence length on the reliability
of information transmission is studied in view of future energy-aware application scenarios. The presented
system achieves in both studied structures error-free transmission at a data rate of 0.17 kbps (per carrier

frequency) with a power consumption of 224 mW.

INDEX TERMS Lamb waves, structural health monitoring, digital communications.

I. INTRODUCTION

Detecting, localizing and classifying structural defects in an
automated manner are the key purposes of conventional SHM
systems. Here, GEW represent an appealing tool for mon-
itoring non-destructively the condition of thin mechanical
components. For an introduction and background regarding
SHM and GEW the reader is referred to the available recent
literature [4], [9], [19], [23], [37]. Lamb waves are one type
of GEW, which are sensitively scattered by specific types
of damage, including cracks [18], [26], disbonding [21],
delaminations [32] or impact damage [17]. Furthermore, they
undergo merely moderate energy dissipation and therefore
reach comparatively large distances. Guided-wave SHM sys-
tems commonly comprise a distributed array of transducers,
which is permanently installed on or in the technical struc-
ture [11], [19]. Prescinding from the non-destructive moni-
toring functionality, the inherent complementary capability
of the transducers to transmit information between the array’s
transducer nodes might be deployed in next-generation SHM
systems. Here, the technical structure itself functions as the
physical layer for wave propagation and communication. This
new complementary feature might be practical when conven-
tional wireless electromagnetic or cabled communication is
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not viable or too expensive, i.e. in lightweight, underground
or underwater applications. When those standard communi-
cation techniques are prohibitive and high-speed transmis-
sion is dispensable, GEW-based data transmission can be a
compelling alternative. The wireless communication capa-
bility might become an essential part of future intelligent
systems [7], where the distributed nodes of the SHM systems
share information, e.g. a damage-indicating metric, so as
to eventually deliver this information to a base station for
further analysis. In SHM systems, the damage indicator is a
numerical value which enables detecting the emergence of a
damage over time. Examples are discussed e.g. in Ref. [2].
However, apart from reaching large distances and the sensi-
tivity towards specific types of defects, it is worth stressing
that Lamb waves show intricate behavior while propagating.
In fact, they might

1) show different wave modes,

2) exhibit dispersive behavior, i.e. a change in wave speed
depending on the excited mode, excitation frequency,
thickness of the waveguide and the material character-
istics of the structure,

3) be affected by mode conversion,

4) vyield reverberations leading to multipath signals.

In spite of the above impediments, reliable acoustic com-

munication is feasible across a variety of different structural
components. The theoretical data rates have been in the
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order of tens or hundreds of kbps, which should be high
enough for most of the envisioned future applications. Node-
to-node communication across a metallic plate has been sim-
ulated numerically in [24] where single-mode Lamb waves
have been employed for parallel transmission of encoded
information from multiple piezoceramic transducers (PZTs)
by combining phase modulation with code division multi-
plexing. Dispersion compensation has been applied to the
measured signals before decoding the transmitted informa-
tion. Additional calculations have been performed to investi-
gate the aforementioned communication scheme in a tapered
waveguide [8]. Proof-of-principle experiments with/without
dispersion compensation have been carried out for an alu-
minum plate in [25]. Moreover, the impact of structural
damage on the communication quality employing ampli-
tude modulation (AM) and multi-modal Lamb waves has
been studied numerically as well as experimentally in [16].
In [15], successful transmission of digital data by way of
this AM scheme has also been demonstrated in practical
scenarios, specifically concerning two spatially separated
planar wave-guides, which were in contact solely through a
movable metal piece. This correlation-based AM approach
has been tested in rather complex technical components,
such as a composite helicopter rotor blade and a sandwich
panel [27]. In [14], wireless delivery of encoded information
through a glass-fiber reinforced polymer planar waveguide
has been studied by the time-domain AM-based scheme and
frequency-division multiplexing (FDM) schemes. A recent
study also includes a medical application: in [28], the trans-
mission of fracture-related information is discussed, where
data from a PZT fixed to the surface of a bone is sent to an
acoustic receiver located externally on the skin surface.

Relevant recent research comprises the combination of
pulse-position modulation (PPM), where the time delay
between pulses bears information, and the time-reversal pro-
cessing [12], which is able to compensate for dispersion
and multiple wave modes. However, MIMO communication
involving multiple interfering nodes cannot be accomplished
using this concept. In addition, PPM has been deployed for
ultrasonic information transmission through one-dimensional
waveguides [34], [35], namely multiwire cables. A low-rate
communication approach using chirped AM has also been
investigated for communicating digital data across a cylin-
drical structure [5]. Acoustic communication across tubular
parts of an undersea oil platform [22] and water pipelines [13]
have been moreover presented. In [31], AM and orthogonal
FDM have been tested amongst others utilizing a variety of
solid channels, including blocks, plates, and pipes.

In the present research work, the wireless delivery of
encoded information through a metallic planar waveguide as
well as a stiffened CFRP structure is investigated. In detail,
novel low-voltage communication nodes employing a combi-
nation of square-wave excitation with FDM were employed,
enabling for parallel emission from multiple distributed
nodes. As a proof-of-principle, two transmitters and two
receivers are considered. The possibility to send and receive
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in parallel is the basic functionality of MIMO. First, MIMO
is beneficial to increase the reliability/robustness of the com-
munication by allowing spatially separate links. Secondly,
MIMO enables increasing the amount of information that
can be shared in each time interval by using simultaneous
transmission. These are the two main motivation for evaluat-
ing MIMO. The evaluation concentrates on a metal structural
component, because metallic parts are of eminent relevance
in the field of non-destructive evaluation and thus also of
SHM [29]. Further experiments are presented from a com-
posite panel as a complex and also practically relevant struc-
ture. Parts of these studies already appeared as a conference
contribution [3]. The novelty of the research work presented
here consists of:
1) Experimental demonstration of the ability to commu-
nicate in parallel between adjacent nodes using GEW
2) Testing of miniaturized and distributed communication
nodes
3) Exploitation of a low-level communication protocol
based on square-wave sequences as well as parametric
investigation regarding robust data exchange
4) Physical interpretation of propagation characteristics of
the fundamental modes and their higher harmonics
5) Development of dedicated signal processing for infor-
mation decoding and analytics
The remainder of this article is the following: Sect. Il intro-
duces the experimental setup, whereas Sect. III covers the
relevant theoretical background. Then, Sect. IV is dedicated
to the experimental validation and conclusions are finally
presented in Sect. V.

Il. EXPERIMENTAL SETUP

MIMO communication is primarily studied across an alu-
minum plate, then the approach is replicated on a more chal-
lenging CFRP component.

A. METALLIC STRUCTURE

A small communication network comprising two transmitter
nodes (Tx1 and Tx2) and two receiver nodes (Rx1 and Rx2)
was realized on a 1000 mm x 1000 mm wide, 3 mm thick,
aluminum plate. As shown in Fig. 1, the nodes are positioned
at the vertex of a square, 140 mm apart from each other,
220 mm from the border, in the bottom right quadrant of the
plate.

Each communication node comprises a multi-channel PZT
with three active regions and an electronic board hosting
all the circuitry necessary for the low-voltage excitation and
acquisition of the electric signal generated by the PZT. The
hardware of the communication nodes, shown in Fig. 2, was
designed to be characterized by low weight (less than 5 g),
small size (30 mm x 23 mm) and low current consumption
(44.8mA) at a voltage of 5 V. Thanks to these features,
the acquisition system is suitable for smart and long-term
structural monitoring.

Taking steps from a previous realization [33], each
communication node is based on a ST-Microelectronics
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FIGURE 1. Dimensions (left) and arrangement (right) of the metal-plate setup including the two
transmitters (Tx1, Tx2) and the two receivers (Rx1, Rx2) adjacent to the circular PZTs, and the gateway

(bottom middle on the right picture).

30mm

PZT co‘n(nector

JTAG .‘connector

PSU connector

USB port
P

FIGURE 2. Close-up photograph of the communication node (left) and interface (right) used in this work

to actuate and detect GEW.

Microcontroller Unit (MCU) STM32F3 which embeds four
rail-to-rail, 8.2 MHz operational amplifiers with external or
internal follower routing, programmable gain, and filter capa-
bilities. Four rail-to-rail 0.2 ps analog-to-digital-converters
with selectable integrated voltage reference are available:
they allow for the simultaneous conversion of up to four ana-
log input signals characterized by a 12 bit precision obtained
via successive approximations. Moreover, two 12 bit digital-
to-analog channels are also available: one of them is used
to provide low voltage polarization to the PZT, the other for
PZT auto-diagnostic purposes. High speed general-purpose
I/O drivers are used to drive the PZT for data transmission
purposes. The nodes were placed as close as possible to the
PZTs to reduce electromagnetic noise to the minimum.

All the communication nodes are connected in a
daisy-chain fashion by means of a Sensor Area Network
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(SAN) bus exploiting data-over-power (DoP) communica-
tion, with a synchronicity error less than 50 us. Meaningful
information is exchanged with a PC connected through a
gateway interface, also illustrated in Fig. 2. Within this
device, a FTDI FT231X USB to full-handshake universal
asynchronous receiver-transmitter (UART) integrated circuit
is used to provide USB (universal serial bus) connectiv-
ity to the PC, whereas a ST-Microelectronic ST3485EB
RS485/RS422 transceiver is used to interface the UART
to the SAN network. Each interface node is roughly
48 mm x 26 mm wide, weights less than 10 g, and consumes
12 mA, making it attractive for application scenarios where
size, power, and weight reduction are crucial.

These devices have been used to actuate and detect
low-energy GEW. During the experiment, transmitter nodes
were programmed to emit a finite-length sequence of
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rectangular pulses with a 50% duty cycle. Utilization of
rectangular pulses is motivated by the fact that they are readily
implemented using energy-aware digital hardware. Besides
transmission, receiver nodes were programmed to acquire at
the same time 6 ms of data at a sample rate S of 500kSps.
Two channels for each transmitter node were used to excite
different carrier frequencies by means of digital pulses. Lin-
ear superposition of effects was used to simultaneously inject
up to four different signals into the structure.

By exploiting the amplification stage embedded into the
receiver nodes, and carefully choosing the transmitted carrier
frequencies, a peak-to-peak voltage of 387 mV was measured
in the received signal in correspondence of an actuation
peak-to-peak voltage of 3.3 V. The amplitude of the excited
pulses in the experiments thus corresponds to the aforemen-
tioned voltage value. In absence of any transmitted signal,
the maximum peak-to-peak voltage of the received signals
was 6.03mV. Each test was repeated 10 times to assess
the robustness against noise and jitter: the median absolute
deviation of the recorded signals with respect to the median
signal is 5.44 mV.

B. CFRP STRUCTURE

In Fig. 3, the above-described hardware is mounted onto a
CFRP plate so as to investigate data transmission across a
structure which exhibits anisotropy, stronger attenuation and
potentially mode conversion. The stiffener which is attached
to the CFRP plate is shown in an inset in the top-left corner
of Fig. 3. The composite panel has the same dimensions
as the aluminum plate: it is 1000 mm x 1000 mm wide and
3 mm thick.

y = W

&=

1000 mm

FIGURE 3. Experimental setup regarding the CFRP plate having a stiffener
(sideview as inset).

Ill. THEORETICAL BACKGROUND

The following section covers the basics of the parallel com-
munication approach together with the spectral properties of
the square-wave excitation and the characteristics of GEW
propagation.

A. FREQUENCY-DIVISION MULTIPLEXING

GEW are exploited for transmission of digital data across
structures. FDM uses the bandwidth of the mechani-
cal waveguide for communicating in parallel at multiple
carrier frequencies. Here, the FDM approach from [14]
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is utilized. The aforementioned strategy is illustrated in Fig. 4,
where simple sinusoidal signals are shown for the sake of
clarity. The next section discusses the actually employed
square-wave excitation mechanism, according to which a set
of carrier frequencies is assigned to each involved node and
where a single frequency represents one bit. Correspondingly,
the set which belongs to a distinct node is standing for a
complete digital message that this particular node is able to
send at a time.

Tx1: both channels active
Tx2: both active
T T T T T T T
988KkHz |\ NN N N ;

Tx1: lower carrier (9.88 kHz)

11.85 kHz Tx2: lower carrier (11.85 kHz)
Tx1: higher carrier (14.82 kHz)
Tx2: higher carrier (17.78 kHz)
Tx1: superposition of both carriers ||
Tx2: ion of both carriers | |

14.82 kHz [/
17.78kHz [\ /1 /

.
voltage (a.u.)

e s g
DAL DECUCEDAA
DS O

¥ s,

Tx1: one channel active
Tx2: one ch | active
T T

988kHz '\ N NN\ ,‘/ AV VA VAVEAN
11.85 kHz
14.82 kHz
17.78 kHz

voltage (a.u.)

. . . . . . .
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
time (ms)

FIGURE 4. Examples of FDM using two transmitters (Tx1, Tx2) having two
channels each (one lower and one higher frequency). The output (bold
dotted) of a transmitter is hence a superposition of both its carrier signals
(solid lines). For simplicity, sinusoidal excitations are depicted here.

B. MODULATION

Hence the frequency domain is exploited for multiplexing
and modulation is accomplished through on-off keying in the
time domain. Time is thus divided into equidistant intervals
where transmitting with a certain carrier frequency encodes
the binary value 1’ and omitting transmission at this partic-
ular frequency represents the binary value 0’. A message
is thus created through the linear superposition of several
single-carrier excitations. The aforementioned superposition
can either be realized mathematically when a single actuator
emits the already-completed superposition, as in [14], or it
can be realized physically by a multi-channel actuator that is
fed independently by multiple singe-carrier signals. The latter
variant is considered in the present work.

At the listening nodes, the spectrum of an acquired signal
is probed for the absence or presence of a particular carrier
frequency. If the intensity in the surrounding of the carrier is
higher than the noise level, then the value ’1’ is considered,
otherwise the binary value ’0’ is assumed. In this work,
the full spectrum of the acquired signal is computed via a
Fourier Transform. Nonetheless, in future applications more
efficient approaches, such as the Goertzel algorithm [30],
might be implemented for probing the spectrum solely at
a few frequencies. In general, it is possible to implement
orthogonal FDM (OFDM) so as to exploit the available
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FIGURE 5. Expected spectrum of an illustrative square-wave excitation
sequence (bottom) which can be regarded as convolution of a rectangular pulse (top)

with a Dirac train (middle).

bandwidth more efficiently, but it is beyond the scope of our
proof-of-principle. Requiring orthogonality in OFDM would
introduce more complexity, e.g., regarding the signal process-
ing as OFDM is usually deployed using cyclic prefixes and
on-node Fourier transforms.

C. JOINT OPTIMIZATION OF EXCITATION-SEQUENCE
LENGTHS

In the present work, for each of the 4 communication links,
only one carrier frequency is considered. However, according
to the FDM approach outlined above, in general, a whole
set of carriers might be deployed. In order to select specific
frequencies fl(l) to f,’, an optimization procedure has been
performed. In our scenario, the number of communication
links is N = 4. For a given communication link i the
excitation-sequence length L; is defined by the number of
times one rectangular pulse is repeated. Hence, L; is equiv-
alent to the number of excitation cycles of a conventional
tone-burst if sinusoidal actuation would have been considered
here. The duration of a single rectangular pulse is denoted ¢;
and commonly dubbed pulse width. Considering a 50% duty
cycle, the excitation-sequence duration is 7; = 2 - #; - L;.
For communication scenarios where a global clock, gating
or synchronization between the N communication links is
desirable, any two excitation sequences i and j may jointly
be optimized to possess equal duration 7; = T;. In that case,
the index can be dropped: 7. Such a joint optimization of
excitation-sequence lengths L; has been performed, which
aimed at two objectives: (i) a duration 7; as short as pos-
sible and hence a maximal length max; (L;) = L4 as short
as possible. Furthermore, (ii) equidistance between carrier
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frequencies fi(l) is desired. For the carrier frequency fi(l) =

% = % - L; holds, where S denotes the sample rate. Hence,

fi(f) o L; holds. Thus the desired equidistance between
carriers can be expressed as a deviation of the differences
Ajj = L; — L; as small as possible. Therefore a normalized
root-mean-square deviation (nRMSD) can be defined as

1 /1 A)2 A)2 A)2
V3 ((A43 = A2 + (A3 — A2 + (A — A?) (D
with A = %(A43 + Az + Agp).

Finally, the optimization problem can be stated in the
following way where T; = const.:

min (WRMSD (L) . Ly) s.t. Ly <2-Ly )

Since a multitude of candidate solutions exist for this
combinatorial problem, an additional constraint has been
introduced: the highest carrier frequencies within the set is
required to lie below the second harmonic of the lowest
carrier.

D. SQUARE-WAVE EXCITATION

The nodes are supposed to excite a square-wave sequence
that is used in the aforementioned FDM approach for
GEW-based communication across a mechanical waveg-
uide. Subsequently, at the receiver, the spectrum is ana-
lyzed. In Fig. 5 the spectrum that can be expected from a
square-wave sequence is plotted. Note that the situation prior
to the propagation through the solid is depicted and thus
dismissing phenomena, such as frequency-dependent atten-
uation. In general, any square-wave excitation sequence can
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FIGURE 6. Simulated Lamb-wave dispersion plot showing the symmetric

and the dominant antisymmetric mode in the aluminum plate where the

harmonics of the frequencies used in the experiment (triangles, crosses)
are expected to have higher speed than the carriers (circles).

be regarded as the mathematical convolution of a rectangular
pulse with a so-called Dirac train. This fact formally reads
as S(t) = Srect(?) * Spirac(). Hence, due to the renowned
Convolution Theorem, its Fourier transform is given by the
product of the constituting signals’ Fourier transforms:

F {s(t)} = F {Srect(?) * SDirac(t)}
= F {srect(!)} - F {SDirac(?)} 3

Here, F {s(t)} denotes the Fourier transform of time-
domain signal s(¢). From Fig. 5 it can be seen that besides
the carrier frequency, denoted by £V, also odd-numbered
harmonics f®,f®), ... are present in the spectrum. The
intensity due to the harmonics can be exploited for the pre-
sented FDM approach where not only the vicinity of the
carrier is probed, but also the spectral portions around the
harmonics are checked.

E. LAMB-WAVE PROPAGATION

The PZTs that are attached to the structure are able to excite
GEW which subsequently propagate through the mechani-
cal waveguide and eventually reach the receiver where the
waves are sensed. Lamb-type waves are the kind of GEW
that are relevant for the present work. In general, Lamb
waves might exhibit two types of modes that are dubbed
symmetric and antisymmetric. Starting from low frequen-
cies, the fundamental modes are the first and only modes
which can exist. They are denoted SO and AO, respectively.
It is well-known that at low frequencies the A0 mode is
dominant and that the SO mode will emerge with increasing
frequency [10]. Lamb waves are dispersive as demonstrated
in Fig. 6 where the theoretical group velocity is plotted for
both fundamental modes. Here, the material properties and
the geometry of the presented aluminum plate are consid-
ered. The dispersion diagram has been calculated using the
GUIGUW program [20]. The dispersive nature of Lamb
waves is well understood and efficient numerical methods are
available for plotting dispersion diagrams regarding a variety
of geometries of (an)isotropic and layered structures [1], [20].
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While the dispersion is well-studied, no similar understand-
ing/theory exists for the absorption behaviour of Lamb
waves. In Fig. 6, in the depicted regime the A0 mode is
highly frequency-dispersive which leads to an interesting
phenomenon: if harmonics are excited through the described
square waves, then the harmonics will travel with increased
speed. Nevertheless, the intensity of the harmonics is less
pronounced than the intensity of the carrier frequency (see
Fig. 5).

From the considered spatial, time and velocity scales (see
Figs. 1, 3 and 6), it is evident that this work deals with
travelling waves instead of standing waves. A standing wave
will not built up, because primary waves and reflections do
not overlap substantially. For example, the typical excitation
sequences span a duration of roughly 1 ms and the travel
distance for reflections is in the order of 1 m, therefore from
the wave speeds of the carriers (closely above 1000 m/s),
it can be deduced that excitation terminates around the time
when reflections arrive.

IV. RESULTS AND DISCUSSION

A. SIGNAL ANALYSIS

The communication approach studied in this work relies on
the spectral properties of Lamb waves. Considering Lamb
waves in the frequency-domain alleviates the challenges
which are due to their inherent intricate propagation behavior
and the additional complexity related to the generation of
harmonics. This non-trivial waveform is demonstrated in the
following: as a first step, a square-wave excitation sequence
of length 1 is studied, which corresponds to a single rectan-
gular pulse (and is analogous to an one-cycle tone-burst if
conventional sinusoidal excitations had been used). On the
left-hand side of Fig. 7, a distinct signal related to the alu-
minum plate is analyzed in the time domain and the individual
causal contributions are highlighted.

In order to further inspect the overlapping contributions
and in order to support a detailed understanding of the
isotropic metal-plate setup, a finite-element simulation [36]
has been carried out. The simulation has been accomplished
using the COMSOL software package [6]. A snapshot of the
wavefield is presented in Fig. 8. In contrast to the causal
decomposition that is shown on the left-hand side of Fig. 7,
the right-hand panel of Fig. 7 demonstrates that a visual-based
inspection of the signals does not provide insight on such a
separation of causal contributions when typically measured
signals are dealt with.

B. JOINT OPTIMIZATION OF EXCITATION-SEQUENCE
LENGTHS

Results of the optimization procedure are depicted in
Fig. 9.

Candidate solutions lying on the Pareto front are addition-
ally detailed in Tab. 1. When the sequence length is set, then
the carrier frequency can be adjusted by specifying the pulse
width #;.
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FIGURE 7. Illustrative time-domain signals from the experimental measurements involving the
aluminum plate. Left: Single-pulse signal sent from Tx1 with £ _ 9.88 kHz and recorded at Rx2.
Early-arriving power stems from harmonics which are faster than the antisymmetric mode having the
carrier frequency. The direct, primary wave overlaps with back and lateral reflections from adjacent
edges of the plate. The late signal content originates from reflections at the distant edges of the plate.
Right: Single-pulse signal sent from Tx2 with f4(') = 17.78 kHz and recorded at Rx1.

wavefield at 0.6 ms

FIGURE 8. Simulated wavefield of a rectangular-pulse signal sent from
Tx1 with fl(” = 9.88kHz showing the incidence of the early reflections
right after the direct wave has passed Rx2 on the aluminum plate. Surface
stresses are expressed in terms of percentage relative to the initial
amplitude.

TABLE 1. A listing of the Pareto-optimal lengths. A duty cycle of 50% is
assumed throughout. Subsequently fixing the duration of a single pulse
will hence define the actual carrier frequency of the excitation.

Ly La Lz Ls nRMSD
8 10 12 15 020
10 12 15 18 0.18
14 18 21 24 0.14
21 24 28 32 0.3

C. STUDY OF EIGENMODES OF THE METAL PLATE

It is noteworthy that carrier choice can be guided by the pos-
sibility to exploit eigenmodes of the system in order to reduce
power consumption of the electronics. The finite-element
model of the described aluminum plate is thus used so as
to compute eigenmodes A, of the mechanical waveguide.
COMSOL is utilized again. Results are provided in Tab. 2.
In contrast, for the CFRP structure the numerical evaluation
is more delicate and thus an empirical carrier selection is
discussed in Sect. [V-D2.
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D. BIT RECONSTRUCTION PERFORMANCE

This section is divided into a part devoted to the metallic
waveguide followed by a second discussion concerned with
the analysis of the composite panel.
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FIGURE 11. Exemplary spectra with different active channels for the aluminum plate.
Left: Spectrum including harmonics where red lines indicate location of the plate’s
eigenmodes. Right: Magnification with bold vertical lines indicating active channels and
red bold ticks indicating the first three eigenmodes.

TABLE 2. Eigenmodes (in kHz) of the aluminum plate.

/\1 )\2 )\3 )\4 )\5 )\6 )\7
9.8 14.3 18.1 255 453 467 50.7
Ag A9 Ao A1 A2 Mg A4
572 775 866 91.1 972 112.5 118.9

1) METALLIC STRUCTURE

The selected same-length square-wave excitation sequences
that are going to be used for the following experimental inves-
tigation are shown in Fig. 10 and are taken from the second
row of Tab. 1. The excitation sequences correspond to bursts
having 10, 12, 15 and 18 cycles.

Exemplary spectra of the recorded GEW signals are
depicted in Fig. 11 where intensity arriving at Rx1 and Rx2,
respectively, is summed. In the lower row of Fig. 11, the fifth
harmonic of the carrier is very pronounced as compared to
its third harmonic or as compared to all the harmonics in the
upper row of the same figure. This observation highlights the
effect which the propagation through the solid waveguide can
have on the spectrum.

A quantitative analysis is carried out which accounts for
the 2* = 16 possible combinations of active channels. The
intensity that is present in the spectrum when the channel is
off is compared to the intensity of an active channel. Results
are given in Tab. 3. This analysis illustrates that a clear
discrimination can be achieved between active and inactive
communication links. Formally, this fact is indicated by an
inactive-active ratio below 1.
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2) CFRP STRUCTURE

Similar analysis is carried out for the CFRP structure. Since
the inherent complexity of the structure makes the numerical
study of the eigenmodes a challenging and time-consuming
task, firstly the indication of eigenmodes has been omitted
in Fig. 12 and secondly an empirical approach was followed
to estimate the optimal set of carrier frequencies. More specif-
ically, exploiting the advantageous capability of the devel-
oped circuitry to generate custom signals, pseudo-random
digital sequences were repeatedly transmitted by means of an
active transducer operating at a symbol rate Fsy, = 200 kHz
(i.e. Tsym = Sus) and recorded by a passive transducer
operating at a sampling frequency Fsmp = 2 MHz. Such
an operating value was chosen to be sufficiently flat in the
frequency band of 0 - 100 kHz, ensuring an oversampling
factor of ten compliant with a Nyquist spectral window
of 1 MHz. Accordingly, the frequencies to be selected cor-
respond to the most energetic peaks in the spectrum of the
received signals while also considering equal spread (as dis-
cussed in Sect. IV-B). Such an empirical frequency selec-
tion procedures has already been recently proposed [14].
In Fig. 13, which represents the average spectrum obtained
from 99 pseudo-random noise repetitions, the selected car-
riers (10.70 kHz, 12.84 kHz, 16.00 kHz, 19.25 kHz) are
depicted. Here, the excitation sequences correspond to bursts
having 10, 12, 15 and 18 cycles (see second row of Tab. 1).
As such, this set of frequencies was then set during the
experimental campaign on the CFRP structure.

VOLUME 8, 2020
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In Fig. 12 the intensity received at the sensors is reduced
as compared to the aluminum plate due to the stronger atten-
uation in the waveguide. Moreover, on the left-hand side of
Fig. 12, it can be observed that the higher harmonics are all
very pronounced in the CFRP plate as opposed to the very
selective excitation in the metallic structure.

Even though the received intensity is lessened in the CFRP
panel (as justified by a comparison of the spectral magnitudes
of Fig. 12 opposed to those of Fig. 11), the bit reconstruction
(in terms of a lower inactive-active ratio) can nevertheless
be sharper than in the aluminum plate for certain carrier
frequencies (i.e. f;” in Tab. 3). Since the inactive-active ratio
is again below 1, in this measurement an error-free recovery
is achieved for every carrier.

E. IMPACT OF SEQUENCE LENGTH ON BIT
RECONSTRUCTION

The influence of sequence length on the quality of the com-
munication links is further investigated, firstly tackling the

VOLUME 8, 2020

excitation-sequence length

FIGURE 14. Ratio of measured intensity in the spectrum as function of
power that is fed into excitation for the aluminum plate. The intensity is
accumulated in a bin (width 2 kHz) around the carrier frequency and also
its harmonics (up to the ninth). Intensities are compared for cases where
the distinct channel is inactive and cases when it is actively transmitting.
A ratio below 1 allows perfect discrimination between inactive and
active. Plots include an average scenario (solid) and a worst-case
assessment (dotted line). For the latter, among all measurements the
maximal inactive intensity is compared to the minimal active intensity.

transmission potentialities of the metallic plate and then mov-
ing to the more complicated CFRP structure.

1) METALLIC STRUCTURE

Bitreconstruction, namely the discrimination between a com-
munication link that is on versus a link that is off, is feasible
for the above same-length sequence. Additionally, a similar
analysis is performed for varying length of the square-wave
excitation signal. Again, all 16 combinations have been
probed and moreover, measurements were repeated 10 times.
Results are depicted in Fig. 14 where perfect reconstruction
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TABLE 3. Comparison of normalized spectral intensity that is accumulated in a bin (width 2 kHz) around the carrier frequencies at both receivers.

Aluminum CFRP
(1) (1) f(l) (1) (1) (1) f(l) (1)
1 2 3 4 1 2 3 4
channel inactive 0.09 0.08 0.12 0.07 0.06 0.02 004 0.03
channel active 0.63 0.55 043 1.00 | 0.12 0.14 029 040
inactive-active ratio | 0.14  0.15 029 0.07 | 045 0.17 0.14 0.08

. 1.00 kbps
30 Aluminum 0.50 kbps| |

s 0,33 kbps
. 0.17 kbps

average bit-error rate (%)

30N CFRP 1.00 kbps| |

0.50 kbps
s 0,33 kbpS | |
M 0.17 kbps

101

2 4 6 8 10 12 14 16 18
excitation-sequence length

2 4 6 8 10 12 14 16 18
excitation-sequence length

FIGURE 15. Average bit-error rate as function of excitation length and data rate per frequency for the
aluminum plate (left) and the CFRP structure (right). In both structures error-free communication is

hence possible at a data rate of 0.17 kbps per carrier.

is successful for lengths equal to and above 6 rectangular
pulses. On average the reconstruction works already for a
single pulse. Here it is assumed that the full recorded signal
of 6 ms duration is processed. Illustrative signals are plotted
in Fig. 7. This duration hence corresponds to a data rate
of 0.17 kbps per frequency, if one follows the approach to
encode a bit in the time domain through temporal activation or
deactivation of a certain carrier. The bit duration, also referred
to as symbol duration, of 6 ms consists in the actuation and a
guard interval. For example, if a carrier frequency of 9.88 kHz
is chosen and excitation length 6, then actuation of one bit
solely spans 0.607 ms. Increasing the data rate by reducing
the processed signal duration, accordingly deteriorates bit
reconstruction, because each bit is contaminated with signal
intensity stemming from the late signal content of the previ-
ous bit. On the left-hand side of Fig. 7 the direct wave, early
and late reflections are indicated which are due to the multi-
path propagation of the GEW. This impairing phenomenon is
known as intersymbol interference.

The bit-error rate (BER) is a common figure-of-merit with
respect to bit recovery. Based on the data which under-
lies Fig. 14, also the BER can be determined. The BER
corresponds to the fraction of mis-classified bits. In this com-
putational analysis, an optimal threshold for the measured
intensity in the spectrum is set and all bits that are falsely
classified are counted. That means if the distinct channel
is inactive, but the intensity lies above the threshold, this
case is seen as an error. In addition, if the distinct channel
is active, but the intensity lies below the threshold, this is
also considered a mis-classification. In the computational
analysis of the BER, the processed signal duration is reduced
to 1 ms, 2 ms as well as 3 ms and the spectral intensity around
each carrier is contaminated artificially with the late signal
content of preceding bits. For each receiving node, each of its
channels and also each carrier a subset of 3200 combinations
of preceding bits is sampled randomly from the available
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experimental data which contains all possible active/inactive
channel combinations and moreover 10 repetitions. An aver-
age is calculated from the 4 measured carriers. The results
concerning this average BER are given in Fig. 15 as a
function of sequence length (horizontal axis) and data rate
per frequency (3 different curves; see legend). Especially
for the higher data rates per frequency, it can be observed
that the BER increases as the excitation length increases,
because the prolonged excitation creates an additional over-
lapping contribution into subsequent bits. For instance, in a
related study with energy-aware instrumentation [5] data
rates of 0.10 kbps have been observed. This result resides
in the same order of magnitude as the data rates witnessed in
the above experiments. It is worth stressing that the indicated
data rates represent data rates per frequency which means
that the actual data rates in an application scenario dependent
on the number of utilized carrier frequencies. Moreover,
in order to improve the BER in future implementations,
simple forward error-correction might be deployed, such as
triple redundancy.

These above-mentioned results concerning the length-
dependent performance are of interest regarding a potentially
reduced power consumption by the nodes if the excitation
duration is lowered. For the sake of an example, with a given
consumption of 44.8 mA per node, sending one bit amounts
to 27.2 pAs if as carrier frequency 9.88 kHz is considered
with an excitation of 6 cycles, because one bit corresponds
here to a duration of 0.607 ms.

2) CFRP STRUCTURE

Moreover, for the empirically determined set of carriers the
length-dependent BER analysis is carried out also for the
CFRP structure. Results can be found on the right-hand side
of Fig. 15. Above a data rate of 0.17 kbps the BER increases
abruptly for all excitation lengths. When compared to the
aluminum case, the BER does not exhibit such a significant
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dependence on the data rate, because those upper three curves
lie rather close to one another. Despite its complexity, for the
highest and second highest data rate (1.00 and 0.50 kbps)
the CFRP performs similarly or sometimes better than the
isotropic metal plate.

It is important to stress that the envisioned and
already-mentioned application scenario for the presented
communication system is a SHM setting where the nodes
should transmit damage indicators, i.e. numerical values. The
achieved data rates of 0.17 kpbs per frequency are considered
sufficient for this task.

V. CONCLUSION

Novel miniaturized low-power electronics have been intro-
duced for application as embedded nodes in structural health
monitoring systems with dual functionality: inspection and
wireless data communication. In this work, the focus lies on
data communication: the parallel transmission of informa-
tion across structural components using frequency-division
multiplexing is discussed allowing for communication of
multiple network nodes. The presented approach relies on
digital excitation sequences which can readily be realized
with energy-aware hardware. The reliability of information
transmission is investigated showing that reliable communi-
cation is accomplished already for rather short sequences.
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