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ARTICLE INFO ABSTRACT
Keywords: Stress waves are increasingly employed in structural health monitoring (SHM) systems of pipe-
Stress wave communication lines based on sensor networks. Data transmission among sensors is crucial for the overall stress

Networking sensor communication
Orthogonal variable spreading factor (OVSF)
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waves based SHM system. Since conventional communications are hampered by limited trans-
mission ranges when in some environments, such as in soil and water, it is essential to develop an
alternative approach to deal with the issues. This paper proposes a stress wave communication
networking method that can be implemented among multiple sensors. The proposed work in-
troduces Orthogonal Variable Spreading Factor (OVSF) codes to achieve multiple-access stress
wave channels by using piezoelectric transducers. In this paper, both frequency-domain and time-
domain channel responses are estimated, and communication schemes are thereby designed to
achieve data transmission among multiple sensors based on the features of multiple channels. The
experiments are conducted on a T-shape pipeline structure in the laboratory environment, and the
results verify the feasibility of the method. Experimental results show that the data rate of each
single channel reaches 250 bps.

1. Introduction

Recent years have seen the rapid development of structural health monitoring (SHM) system that uses embedded sensor and
advanced algorithms along with communication capacity to monitor structural health status in real-time [1]. Stress waves play an
important role in SHM to monitor structural integrity and to detect structural damages [2-4]. For pipeline implementations, the stress
wave based SHM system includes transmitters and sensors that are permanently mounted on the pipelines of interest [5,6], and in-
vestigations have found that stress waves perform well in detecting diverse damages on pipeline structures [7], including corrosion
[8,9], leakage [10], crack [11,12], and impact [13]. Often, Lead Zirconate Titanate (PZT), a type of piezoelectric material with strong
piezoelectric effect, is used as a transmitter to generate and as a sensor to detect stress waves [14,15]. Furthermore, PZTs have fast
responses and wide bandwidth [16], and PZTs can be fabricated into transducers with different sizes and shapes for various structures
[17,18], including pipelines [19]. Stress waves excited by PZT transmitters can propagate a long distance along the pipelines [20,21],

It is noteworthy that data transmission among sensors is a crucial aspect in the stress wave based SHM systems, especially sensor
networks where sensors are integrated to monitor and detect larger pipeline ranges with better performances and efficiency. The
information needs to be delivered to a center processing unit from downstream sensors. Necessary reactions and explicit messages will
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then be sent back to intended receivers. Data transmission lays the foundation for normal operation of SHM sensor networks.

Data transmission among SHM sensors generally adopts conventional communication technologies such as wired communications
and radio frequency (RF) communications. Information-conveying signals are modulated and delivered by carrier waves through
cables (in wired communication systems) or air (in RF communication systems). However, conventional communications are proved to
be inappropriate in some circumstances. For instance, it is expensive and time-consuming to install and regularly maintain cables for
broad stress wave based SHM sensor networks on underground or underwater pipelines. Electromagnetic waves, namely the carrier
wave in RF communications, attenuate exponentially in water and soil, thus its transmission range is limited. Therefore, it is essential
to develop an alternative data transmission method for SHM sensor networks of inaccessible pipelines, such as buried pipelines and
offshore pipelines.

Stress wave communication (SWC) is an emerging data transmission method [22-24]. Unlike traditional communications that use
electromagnetic waves, the stress waves are utilized to carry information coded signals and the propagation medium is the solid wave
guide. As stress waves can travel a long distance through wave guide media in aquatic and underground environments [25], the
hurdles that hinder the use of conventional RF communications are of no issues for SWC. Furthermore, SWC can use the currently
existing transducers of stress wave based SHM systems to launch or receive information bearing stress waves. Through appropriate
deployment of sensors, it is promising to achieve data transmission among sensors that serve in the original SHM system. Thereby,
there is no need to install additional cables or communication device as it does with conventional communication methods. Researches
of stress wave communication are mainly devoted in achievements of through-wall communications and logging while drilling (LWD)
data transmission. Regarding through-wall communications, stress waves enable data transmission through a thick metal barrier
[26-30], where it is undesirable to drill holes for cable installation, such as pressure vessels and watertight metal bulkheads. Through-
wall stress waves communication systems couple an external transducer and an internal transducer with the conducting medium (the
metal wall) to transfer information. In the LWD applications, a drill string sets up the communication channel to transport stress waves
from the bottom of the borehole to the ground surface. Stress wave data transmission greatly improves the data rate compared to what
can be achieved using conventional mud-pulse telemetry [31,32].

Explorations of the SWC applications on pipelines have received much attention in recent years [33]. Jin et al. [34-36] employed
time reversal technique in the stress wave communication on a metal pipe to prevent elongated waveforms caused by dispersion. In
their papers, a received pulse waveform is reversed and utilized to modulate signals with pulse position modulation (PPM), and the
transmitted signals present good data transmission performances. Huang et al. [37] adopted Amplitude Shift Keying (ASK) to modulate
signals and accomplished data transmission on a metal pipe using an Electro Magnetic Acoustic Transducer (EMAT) to emit stress
waves. And a Chirp-On-Off Keying (Chirp-OOK) based stress wave communication was developed by Chakraborty et al. [38,39] Their
method helps to combat the frequency selectivity of the communication channel. Experiments were conducted on a 4.8-meter metal
pipe both in air and water, and the results stated the achievement of data rate up to 100 bps. Joseph et al. [40] utilized Amplitude
Modulation (AM) in stress wave communication and demonstrated the SWC system successfully on a water-filled pipe and the data rate
reached 100 bps. The achievements indicate that it is feasible to apply stress wave communication through pipelines with a variety of
methods. Nevertheless, the researches on pipeline stress wave communication are mainly focused on Single-Input-Single-Output
(SISO) systems, that is, only one transmitter and one receiver are considered. In many situations, a networked sensor-actuator sys-
tem is needed when multiple sensors and actuators are involved.

This paper proposes a novel method to achieve stress wave data transmission among networking sensors on pipelines, which is an
extension of SISO stress wave communication. Channel estimation is conducted both in frequency and time domains to clarify the
features of each stress wave channel. Orthogonal Variable Spreading Factor (OVSF) codes are employed in this paper for multiple-
access channels due to the orthogonality between codes. Each node in the sensor network is assigned a unique local OVSF code.
Transmitting signals are coded with the local OVSF codes and modulated with Binary Phase Shift Keying (BPSK), and the demodulated
signals at the receiver’s end can be decoded by the local OVSF codes. Schemes for Single-Input-Multiple-Output (SIMO) and Multiple-
Input-Single-Output data transmission are designed differently based on the channel features. For SIMO data transmission, the center
unit launches multiple signals for different receivers simultaneously by Code Division Multiple Access (CDMA) scheme so that high
efficiency can be obtained. On the other hand, Time-Division Multiple Access (TDMA) scheme is used for Multiple-Input-Single-Output
(MISO) data transmission to simplify the post processing procedure. Therefore, preamble signals are designed in the TDMA scheme to
synchronize and identify signals from distinct sensors.

To the authors’ best knowledge, the method proposed in this paper is the first reported instance that applies stress waves as
communication carriers into the data transmission of networking sensors. It is demonstrated that the method is feasible by experiments
conducted on a T-shape structure welded by 2 pipeline components. Experimental results demonstrate that signals can be successfully
transferred and interpreted using the designed schemes and the data rate can reach 250 bps. The rest of this paper is organized as
follows. Section 2 presents associated theoretical background, which introduces basic principles for the proposed networking stress
wave communication design. Section 3 follows to explain the design of the proposed method. The experiment and results discussion
are illustrated in Section 4. Conclusions and future works wind up in Section 5.

2. Theoretical background of networking stress wave communications

Studies on the characteristics of stress wave traveling along pipelines reveal that the propagation modes can be classified into three
families: longitudinal modes (L), transverse modes (T), and flexural modes (F). Multiple modes are inevitably involved along with the
propagation when applying an asymmetric stress wave excitation method. Additionally, there are tremendous possible propagation
paths between two random points on a pipeline. Consequently, when traveling with multimode and multipath effects along pipelines,
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stress wave signals undergo distortion and dispersion, by which the signals are decreased and temporally extended. Therefore, this
paper explores different channel access methods in the proposed networking stress wave communication in order to ensure satisfactory
performances with severely distorted and dispersed signals. When performing single-input-multiple-output (SIMO) data transmission,
synchronous code division multiple access (CDMA) is employed since the transmitting signals experience identically in SIMO channels,
where the orthogonality among multiple users’ codes is well exploited. On the other hand, as severe signal distortion and dispersion
make it much more difficult to apply channel equalization to SW communications than that in conventional RF communications, time-
division multiple access (TDMA) is utilized in multiple-input-single-output (MISO) communication so as to prevent complex channel
equalization and signal superimposition. The related principles and implementations of the proposed networking stress wave
communication method are elaborated as follows.

2.1. Channel response

Channel response analysis is a crucial aspect for communication scheme design and the follow-up simulations. In this paper, we
employ the power spectral density (PSD) of acquired signals to estimate the channel response in frequency domain, which specifies
available bandwidth for stress wave communication over multiple channels. Moreover, a 1-D version of ‘CLEAN’ algorithm [41-43] is
utilized to provide time-domain channel estimation.

2.1.1. PSD channel estimation
The power spectral density refers to the measure of signal’s power in terms of frequency. With the aid of Fast Fourier Transform

(FFT) algorithm at discrete frequencies, the PSD of the measured input signal x[n] is defined as the auto-spectrum by [44]
Q . 1 N . 2
Sw(f) =X (X() =7 3 e

n=1

(€9)

where the data length of x[n] is N and the corresponding record length T = NAt. X(f) is FFT of the input signal x[n] and X (f) is the
complex conjugate of X(f).
Accordingly, the measured cross-spectrum from the input signal x[n] to the output signal y[n] is defined as

Sw(f) =X (N)Y() @
Since the relation between measured input and output signals can be described as

yln] = hln]*x[n] + win] 3

where h[n| represents the impulse response of the channel and w|n] is the noise. Thereby,

Y(f) = HIFX(f) + W() @
Sxr(f) = H()Sxx () + Sxw () ®)

_ Swlf) = Sw(f)

H(f) Seclf)

6

2.1.2. Time-domain channel measurement

The time-domain characterization of propagation channels depicts the comprehensive multimode and multipath effects on signals.
In particular, the impulse response implies the arriving time delays of signals from all multipath components. Thereby, time-domain
channel response may influence the design of stress wave communication schemes. In this paper, CLEAN algorithm is applied to extract
impulse responses of the communication channels.

The CLEAN algorithm iteratively searches the received signal for the most significant component with templates and subtracts it
and then continues on searching for the second component [45]. The channel model is defined as

h(t) = ad(t — 1) @)

where a; and 7 respectively specify the amplitude and time delay of the kth component under the comprehensive effect of multimode
and multipath. ax and 7y are both derived and recorded through the CLEAN loop, by which the autocorrelation of its template and the
cross-correlation between the template and the received signal are iteratively adopted.

2.2. OVSF code
When a single transmitter in the SWC system is in use to deliver stress wave signals to multiple receivers, synchronous CDMA is

employed to allow the transmitter to send information simultaneously over multiple channels. CDMA utilizes spread spectrum
technology, where signals are spread over a broad spectrum before transmitted, in order to ensure there is no undue interference
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Fig. 2. Illustration of OFDM chirp bases.

between signals. As an implementation of CDMA, Orthogonal Variable Spreading Factor (OVSF) was initially introduced for the
channelization of 3G communication systems. OVSF codes are defined recursively by an OVSF code tree (Fig. 1.) and they preserve
mutual orthogonality between each other. In the SIMO stress wave communication system, each receiver is assigned a unique OVSF
code, thereby signals for the intended receiver can be decoded using the exclusive local code.

The codes in the tree satisfy the following properties [46]:

a. Denote Cym = [Cqm(0),Cqm(1), -+, Cqm(q — 1)] and Cyx = [Cqx(0), Cqx(1), -+, Cqx(q — 1)] as any two codes from the same layer q
Then,

g—1

. . 0,m#k

PCq.qu.k = ; Cq,m(l)cq-,k (i) = {q,m — k. ®

b. Denote Cyp = [Cqm(0), Cqm(1), -+, Cqm(q — 1)] and Cpx = [Cqx(0), Cqx(1), -+, Cqx(p — 1)] as any two codes from two different

layers q and p. And the lengths of the two codes are respectively N, and N,. Here we assume p > q for convenience. Then C,;, and Cpx
are orthogonal to each other except that one is the successor of the other one.

2.3. The design of preamble signals in TDMA

As different channels reduce and elongate SW signals to varying extents, it is complicated and consuming to separate information
waveforms from different transmitters if they are superimposed. Therefore, TDMA is exploited in MISO data transmission to divide
time into fractions, and signals from different transmitters are processing successively in time segments. In order to synchronize signals
and distinguish the sender of transmitted signals, preamble signals are indispensable for each transmitter. In this paper, autocorre-
lation is utilized on the preamble signals to detect time delays, so it is important to ensure good correlation property of the preamble
signals for good detection performance. One of the technologies in MIMO radar system, the orthogonal frequency division multiplexing
(OFDM) chirp signal [47,48], is introduced in this paper for preamble signal design since it can meet the requirements of correlation
property gracefully. OFDM chirp signals are designed based on conventional chirp signals. It contains multiple sub-chirps of varying
carrier frequencies. In this paper, all preamble signals are designed based on the following three OFDM chirp bases, namely, the up-
chirp basis, the down-chirp basis, and the hybrid-chirp basis, as shown in Fig. 2. Different preamble waveforms are thereby obtained by
diversifying the bases.
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Fig. 3. Illustration of the T-shape pipeline.

Then, a general OFDM chirp basis with M temporal sub-chirps and N subcarriers can be hence defined as

M—-1 N—1
s(t) = Z Z u(t — mTy)exp [j27 (frun(t — mTy) + k(1 — me)Z/Z) ] 9
m=0 n=
where T}, is the duration of one sub-chirp, and u(t) = 1 for 0 < t < Tj. Thus, the total duration of the OFDM chirp signal can be found by
T = MT,. Denote B, as the subcarrier bandwidth and the total available bandwidth of the signal is B = NBy. Then, fi,, and kpy

respectively defines the starting frequency and chirp rate of the mth duration at the nth subcarrier.
The OFDM bases are modulated with random matrices to create waveform diversity between each other. Denote a random matrix

as
R={[ri,ry, =, ry)

wherery, is an integerand 1 <r,, < Nform =1,2,..- M. The integer r;, defines that the r;,th subcarrier in the mth sub-chirp is selected
to create the preamble, and other subcarriers in the same sub-chirp are filtered out. Thus, the preamble signal can be then presented by

M—1

p(t) = Z u(t — mTy)exp [j27 (fon, (t — mTy) + ki, (£ — mTh)2/2) ] (10)

m=0
Assume p,(t) and py(t) are the preamble signals of the ath transmitter and the bth transmitter, and they are respectively generated
with random matrices R = [r1,12, -+, 7] and W = [wy, Wy, -+, Wp|. ho(t) and hy(t) define the corresponding channel impulse responses
from the transmitter to the intended receiver. Then, the received signals are given as
Ta(t) = Pa(1)*ha() + na(1) amn

15(t) = pu(t) Iy (1) + 1 (1) (12)

where n,(t) and ny(t) are noises obtained from respective channels.
Then, the autocorrelation and cross-correlation functions used to time the received signals are defined as

Caa(t) = ra(0)*pa( = 1) = [Pa(t)*ha(t) +1a(t) |*Pa( = 1) = [pa(1)*Pal — 1) [*ha(t) + na(£)*pa( — 1) 13
Cap () = ra()*po( = 1) = [pa(t)*ha(t) +1a(t) |Po( = 1) = [pa(1)*Ps( — 1) [*ha(t) + na(£)*ps (= 1) a4
Con (1) = 1o () *po(—1) = [ps (1) *ho (1) + 1 (1) s ( = 1) = [po (1) * s ( — 1) [*ho () + (1) * i (— 1) (15)
Coa(1) = rp(1)*pa( = 1) = o (1) *ho (1) 415 (1) [*Pa( = 1) = [P6 (1) “Pal — 1) 1Py (1) + iy (£)*pa( — 1) 1e)

Only when the peak of autocorrelation functions is prominently higher than that of cross-correlation functions, can the received
signals be correctly synchronized. As noises are relatively low compared to the received signals, the second term in Egs. (13-16) can be
neglected. Therefore, the essential goal of designing the preamble signals, which enables the received signals to be synchronized by
correlating with the transmitted one, is to create high autocorrelation and suppress cross-correlation interferences under the effect of
multipath and multimode channels. By observing Eq. (10), the preamble signals differentiate from others by using different subcarriers



Mechanical Systems and Signal Processing 164 (2022) 108192

S. He et al.

Transmitted Chirp Signal
T

T T T

Amplitude

| | | L L | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(Second)

Fig. 4. Transmitted Chirp Signal.
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Fig. 5. Comparison of Received Chirp Signals at Different Sensors.

in one duration. Therefore, multiple preamble signals can be designed by diversifying the random matrices used to generate the
signals, that is, diversifying the starting frequencies and chirp rates of the subcarriers. Moreover, it is an effective way to suppress cross-
correlation interferences by adopting different carrier durations.

3. Networking stress wave communication design and implementation

As mentioned in Section 2, different schemes are applied to achieve the stress wave SIMO and MISO transmission systems
respectively. This section first describes the results of channel estimation both in frequency domain and time domain using the
methods as aforementioned. The available bandwidth is clearly presented via channel estimation, which is crucial for the overall
communication system design. Then, preamble signals are designed to synchronize and specify signals from distinct transmitters in the
MISO system. Correlation analysis of the simulated received preamble signals is illustrated. The following explains the overall
networking stress wave communication system design.
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The channel estimation is performed on a T-shape pipeline structure as shown in Fig. 3. Two galvanized steel pipes (53.8 x 50.8 x
3048mm) are welded together, and piezoelectric transducers are distributed on the pipeline in the presented configuration. The
transducer marked in blue serves as the center unit, where signals from the other transducers are collected in MISO data transmission
and information is launched in SIMO data transmission. Channels estimated in the follows are constructed by the center unit, the
propagation media and the corresponding receivers.
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A chirp signal sweeping from 10 kHz to 100 kHz (shown in Fig. 4.) is utilized to estimate the frequency channel responses. The
received waveforms at different sensors are shown in Fig. 5. By use of PSD analysis as mentioned before, the PSD of received signals and
the channel responses are illustrated in Fig. 6. The channels present frequency selectivity as the results show. The frequency response
curves reach the peak around 40 kHz and drop approximately 40 dB per decade. The frequency responses indicate appropriate
communication bandwidths for stress wave data transmission over each channel. Moreover, the impulse responses are presented in
Fig. 7. based on ‘CLEAN’ algorithm, which provide access to channel characteristics in the perspective of time domain. The impulse
responses are quite different among channels, thus it is extremely difficult to conduct equalization among SW channels, which explains
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the reason that TDMA is applied to avoid inter-channel interferences. The impulse responses are then employed to simulate output
signals in the follows.

3.2. Preamble signals design

As explained in Section 2, the preamble signals for each channel are designed based on OFDM chirp bases. The preamble signals are
diversified by modifying the matrices utilized to multiply with the bases. The total time durations and bandwidths for each channel are
varied to combat highly attenuative channels and suppress cross correlation interferences. Fig. 8. illustrates the preamble signals
design and the corresponding waveforms are shown in Fig. 9. The first preamble signal occupies the shortest total time duration T, =
0.015s and every preamble signal has a bandwidth of 1 kHz.

Simulations of the correlation analysis are provided in Fig. 10. The output preamble waveforms are generated by convolving the
proposed preamble waveforms with impulse responses of channels shown in Fig. 7. Then, the correlation analyses are conducted
between the local preamble signal and the received waveforms. As shown in Fig. 10, red lines represent autocorrelation at different
sensors while blue dashed lines stand for cross correlation with other received waveforms. The correlation results verify that the
proposed preamble signals have good correlation properties under the effect of SW channels.
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3.3. Implementation of stress wave networking communication

As described in Section 2, the proposed stress wave networking communication system is achieved by exploiting different data
transmission schemes for SIMO system and MISO system. In the SIMO data transmission system, shown in Fig. 11, information is
encoded with OVSF codes and then modulated with binary shift keying (BPSK). It is worthwhile to mention that Hamming error-
correcting codes are also utilized to minimize possible inter-symbol errors. The OVSF codes used in the system have a spreading
factor (SF) of 16, which means every single code in the information is expanded by 16 chips. And the carrier wave (40 kHz) modulates

10
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Fig. 14. The transmitting signal and received signals in the SW SIMO system. Top: the transmitting signal from the center unit; bottom: the received
signals at multiple sensors.

the information with a data rate of 250 bps. Information bearing stress waves are received at different sensors after traveling through
the pipeline, and demodulation of the received waveforms is subsequently carried out. Then, local OVSF codes are deployed to decode
the information that is intended for each receiver. In the MISO data transmission system (Fig. 12), multiple sensors encode and
modulate information into stress waves with a preamble signal in front, and the signals are launched in exclusive time segments. The
center unit working as the unique receiver in the MISO system uses preamble signals to identify and synchronize each signal and then
the received waveforms can be proceeded to be demodulated and decoded.
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Fig. 15. The transmitting signals and received signal in the SW MISO system. Top: the transmitting signals from S1 to S5; bottom: the received
signal at the center unit.

4. Experiment and analysis

Experiments are conducted on a T-shape pipeline to verify the performances of the proposed method. Two galvanized steel pipes
(53.8 x 50.8 x 3048mm) are welded in the configuration, as shown in Fig. 13. A piezoelectric transducer is clamped on the pipe to work
as the center unit, and five piezoelectric plates are mounted at different locations. As presented in Fig. 13, a National Instrument PXI-
1042Q is employed as the digital-to-analog device as well as the data acquisition system. The sampling frequency is set to be 400 kHz to
meet the requirement of signal recovery.

The testing is carried out in the lab environment. In the SIMO system, the center unit launches signals simultaneously and the
received signals at different sensors are presented in Fig. 14. As shown in the figure, original waveforms are distorted and elongated by
the stress wave channels with traveling distances. Waveforms received at Sensor 4 and Sensor 5 attenuate more due to the longest
distance and the welding connection. All the received signals can be correctly decoded using local OVSF codes at different sensors. In
the MISO system, signals from different sensors are recorded respectively and arranged in a proper order, as shown in Fig. 15. Received
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Fig. 16. Constellation diagram for experimental results. Diagrams from (a) to (e) represent experimental constellation diagrams of S1 to S5.
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Fig. 17. The BER estimation.
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signals display different amplitudes and distortion due to different channel effects. The preamble signals can accurately synchronize
the arrival time of each signal because of the good correlation performance. Then signals from multiple sensors can be interpreted at
the center unit.

The constellation diagrams, as shown in Fig. 16, are depicted based on the experimental results. Since binary phase shift keying
(BPSK), which is employed in our method as the modulation scheme, is the simplest form of phase shift keying (PSK), and the carrier
phases shift between 0’ and 180°. Points located at (1,0) and (-1,0) in the constellation diagram hence represent the corresponding
phases. Therefore, the scatter points that are more concentrated around (1,0) and (—1,0) indicate better communication performances.
As shown in Fig. 16, the received signals at S1 and S2 perform best in signal recovery, while the last two figures show more potential
ambiguity. The results are in accordance with the received amplitudes shown in Fig. 17. The bit error rate (BER) estimation based on
Monte Carlo simulation also supports the same results that received signals of a closer distance possess higher signal-to-noise ratio
(SNR). Additionally, welding connections and other joints on the pipeline may influence long-distance networking stress wave
communication because stress waves are reduced when propagating through the joints.

5. Conclusion and future work

A stress wave networking communication method is developed in this paper. Based on the characteristics of stress wave propa-
gation along pipelines, we employ different data transmission schemes for the single-input-multiple-output (SIMO) system and
multiple-input-single-output (MISO) system. In the SIMO system, orthogonal variable spreading factor (OVSF) codes are introduced to
enable multiple signals to be transmitted simultaneously. The orthogonality among OVSF codes ensures the received signals at
different sensors can be correctly decoded using local OVSF codes. Time division multiple access (TDMA) is applied in the MISO
system. Different sensors occupy exclusive time segments to emit signals to the center unit. The design of preamble signals enables the
center unit to accurately measure the arrival time of every signal. Binary shift keying (BPSK) is adopted in this paper to modulate
encoded signals. The proposed method is implemented on a T-shape pipeline structure which is welded by two pipeline components in
the laboratory environment. The experimental results verified that the communication data rate among sensors can achieve 250 bps
with the spreading factor (SF) equal to 16. Therefore, the proposed method is believed to be feasible and promising for data trans-
mission among sensor networks, especially for those difficult to deploy conventional communications.

In the procedure of implementing the method on pipelines, we also found limitations of the proposed method. The future works
should be devoted to improving the method developed in this paper. Firstly, the available bandwidth is found to be narrow based on
the channel estimation. The reasons may come from the structure of the pipelines or the transducers used in the experiments, thus only
a single carrier is utilized to deliver information. It is worthwhile to explore the method to broaden available bandwidth in stress wave
communication, so that multiple carriers can be employed to transmit information in parallel and the communication performances
can be hence significantly improved. Secondly, since different channels have quite distinct impulse responses, equalization between
stress wave channels is not investigated in this paper. In future works, explorations on equalizing stress wave channels will help a
variety of data transmission schemes to be achieved in stress wave communication systems and will certainly enhance communication
performances. Last but not the least, the experiments were conducted only on a small-scale pipeline structure, which is of much
simplicity compared to real pipelines in the field. Testing will be conducted on more complex pipeline structures in the future and
corresponding technical improvements are needed for different conditions.
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