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Abstract: In this paper, we present and demonstrate a low complexstielwave signaling
and reception method to achieve high data rate communicatiodispersive solid elastic
media, such as metal pipes, using piezoelectric transsla¢€tZT (lead zirconate titanate).
Data communication is realized using pulse position maduia(PPM) as the signaling
method and the elastic medium as the communication chafhelcommunication system
first transmits a small number of training pulses to probedispersive medium. The
time-reversed probe signals are then utilized as the irdbon carrying waveforms. Rapid
timing acquisition of transmitted waveforms for demoduaatover elastic medium is made
possible by exploring the reciprocity property of guidedstic waves. The experimental
tests were conducted using a National Instrument PXI sysbenvaveform excitation and
data acquisition. Data telemetry bit ratesl6tkbps,20 kbps,50 kbps andl00 kbps with the
average bit error rates 6f 5.75 x 1074, 1.09 x 10~2 and5.01 x 10~2, respectively, out of a
total of 40, 000 transmitted bits were obtained when transmitting at theéeserequency of
250 kHz and a500 kHz bandwidth on steel pipe specimens. To emphasize theendiof
time reversal, no complex processing techniques, suchastiae channel equalization or
error correction coding, were employed.
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1. Introduction

Piezoelectric sensor networks that are embedded in laxglestiuctures, such as pipes, offshore
platforms, bridges and railways, are considered as theduwt structural health monitoring (SHM)
systems]]. Active acoustic sensors or actuators in the network caexiodged to generate elastic waves
that could propagate a long distance and interrogate stegfor possible defects, thus providiing
situ monitoring of the integrity and operating conditions of gteictures. One of the important aspects
of sensor networks for SHM applications is its ability fot@@ommunication between sensors. This
Is because the operating status and conditions of the steuahder monitoring must be sent through
the network to a central processing unit, so that human tgsraan take necessary actions when
defects are detected. Data communication within a sensaonecould occur between two or multiple
sensor nodes or between sensor nodes and a central prgcasgin In the classic communication
theory, information-bearing signals are modulated anadexdrom a transmitter; the excitation signals
propagate through physical medium as propagation wavels aselectromagnetic waved and acoustical
waved, and are received by a receiver. The received sigraldeanodulated to recover the transmitted
information bits. In many existing SHM sensor network apgiions, conventional schemes, such as
wireless radio communication and acoustical communinatawe employed for data communication.
However, the underlying wave propagation physics revésls ¢conventional communication schemes
are often inapplicable or inadequate in many real-lifeagitns. For example, for pipes that are buried
underground or for hollow sub-sea structures in offshoagf@ims, radio communication is difficult to
realize, because electromagnetic wave signals suffereseleeay in soil or water, which results in very
short transmission range.

Ultrasonic wavesi.e., waves that travel along a rod, tube, pipe or plate-likecstire, form guided
waves as a result of the interaction between ultrasonidatan signals propagating in a medium and
the medium’s boundarie&H4]. The excitation of guided ultrasonic waves has become alpogool for
nondestructive inspection of pipes and other physicaastfuctures, due to their potential to travel great
distances$-8]. However, there are three fundamental difficulties wheidgd waves are utilized for
pipe inspection and data communicatioa,, signal dispersion, multimode and ambient noise. Fingt, t
elastic guided wave signals are highly dispersive. Sigisgdeatsion stems from the underlying elastic
wave propagation physics, which signal transmission spaeés with frequencies. Acoustic signal
dispersion causes signal time spreading, as well as phddesguency shift. In communication theory,
this phenomenon is called multipath propagation. The @elagrrivals of propagating signals may
overlap, destructively causing severe signal attenuatrasignal fading, which results in poor system
performance in many stages of the communication flow, inoydynchronization, signal detection and
demodulationetc. Second, pipe waves are characterized by an infinite nuniloéspersive longitudinal
and torsional modes and a doubly infinite number of flexurad@sd]. The longitudinal and torsional
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modes are both axisymmetric, while each flexural mode etdwini infinite number of non-axisymmetric
circumferential mode orderd.(,11]. Thus, a proper selection of wave modes for signal transions
would be a critical, but difficult, task. Third, ambient neisxists in the received signals. Ambient
noise refers to the addition of a random signal of specificrmedue and variance. A high noise
level reduces the signal-to-noise power ratio at the recewhich yields poor performance for signal
detection. Adaptive filtering methods should be employetiuce the level of ambient noise.

Time reversal has emerged as a viable approach for overgosignal dispersion for digital
communication applications, for example, underwater astogommunicationi2] and ultra-wideband
radio communication3-16]. In [17,18], we develop a time reversal-based guided elastic wave
communication scheme that utilizes steel pipes as trasgmishannels. The developed communication
scheme was verified by preliminary experimental data cwtedrom a steel pipe in a laboratory
environment using acoustic wave excitation. The focus o plaper is to provide a comprehensive
theoretical development of the proposed time reversatarilse position modulation (TR-PPM)
method and conduct extensive experimental tests to exaimerechievable bit error rate (BER) on steel
pipe specimens with various configurations using lead nat® titanate (PZT) wafer transducers. The
contribution of the work described in this paper and ourieadapers 17,18] focuses on the following
two perspectives.

First, we utilize the time reversal-based pulse positiordatation (TR-PPM) method to achieve
signal synchronization and symbol demodulation in orderaimpensate for severe channel dispersion
and multi-modality in the elastic wave communication sgstiesign. In most communication systems,
the receiver must know the exact starting time in order toahurtate the transmitted symbols correctly.
The task for determining the starting time of symbols at #eeiver from the distorted transmission
signals is commonly called timing acquisition or syncheaion. For high data rate communication
using elastic waves, rapid and precise timing acquisitiecomes very difficult for the PPM scheme,
due to severe dispersion and the multi-modality of the ugotey characteristics of elastic waves. This
problem is somewhat similar to the ultra-wideband (UWB) oammication systems, where a large
number of resolvable paths in UWB channels may cause marsjfipp@starting times1[9-22]. In such
cases, timing acquisition often requires complicatedcteag algorithms to estimate the start time for
symbol demodulation. Hence, the hardware implementasioastly. The TR-PPM scheme we proposed
in our earlier paper][7,18] and this paper can be regarded as a channel-assisted aigiorgthm, which
does not require complicated channel estimation algostbntircuits at the transmitter and the receiver.
In our system, the physical channel is implicitly pre-edqzed by the time reversed waveforms at the
transmitter. By utilizing the intrinsic adaptive spacexi focusing of time reversal, the proposed method
needs only a small number of training preamble symbols paifa in a pitch-catch mode to estimate
the starting time of the symbols quickly, thus enabling sgjoent symbol demodulation, despite the
above-mentioned channel dispersion and multi-modaligtastic wave channels.

Second, we conduct extensive test-bed studies in a labpeteironment to validate the feasibility of
elastic wave data communication. The test bed includes Paférg; two different steel pipe specimens
(i.e., acarbon steel pipe and a stainless steel pipe) and a ldatn@strument PXI acoustical measurement
system that includes an arbitrary waveform generator anditizér. We note that data communication
schemes using elastic waves have been reported for, forpaamiood detection in oil rigs (see,
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e.g., 3,24)), drill string telemetry R5] in the measurement while drilling (MWD) and logging while
drilling (LWD) services in the oil and gas industrgq,27] or Lamb wave communication (see e.@8]);
systematic studies of high data rate communication scheisiag elastic waves are lacking. We note
that a pulse position modulation scheme using guided aicomates for flood detection was proposed
in [23,24]. However, the realized data rate was relatively low, beeaanly a2 kHz narrow frequency
band 89 kHz—41 kHz) was used in order to overcome the problem of channekdssgn. To achieve
high data rate communication using guided elastic wavesjéhmwider frequency band must be used.
We test the proposed TR-PPM modulation scheme under theatataofl 0 kbps,20 kbps,50 kbps and
up to 100 kbps. The obtained average bit error ratestarg75 x 107%, 1.09 x 102 and5.01 x 1072,
respectively, out of a total af0, 000 transmitted binary bitsi ., '0's and’1’s) when transmitting at the
center frequency af50 kHz and 00 kHz bandwidth on steel pipe specimens. We note that no comple
processing schemes, such as adaptive channel equaliaaticerror correction coding, are employed at
the receiver for the purpose of emphasizing the advantaimefreversal.

The remainder of this paper is organized as follows. SeQiaescribes the background theory.
Section3 presents the communication results by experiments. Thausion is presented in Sectidn

2. Background Theory

2.1. General Sgnal Models for Pulse Position Modulation

For wideband guided elastic signals, we adopt a signalirtgodehat is similar to the ultra-wide-band
(UWB) signaling in radio communicationd9,22,29]. A general signaling model can be described as
follows. Every transmitted symbol is composed/¥f repeated pulses, called frame. LgtandT}
denote the symbol duration and frame duration, respegtividlen, T, = N1, which means there is
one pulse per frame. Each guided elastic pujss, is of a short duratiori]; < 7', at the microsecond
scale, occupying a wide bandwidth of a few hundred kilozhelfach frame containg’. chips, each of
duration,T,.. A general wideband symbol signature waveform transmdtethg the acquisition process
for a single user can be expressed as a series of pulses:

Np—1
g:(t) = > gt —jTy — ¢;T.) (1)
j=0
wherec; € {0,1,2,---,N.— 1},Vj € [0, Ny — 1] represents user-specific pseudorandom time hopping

(TH) code for user separatio29], which may take on different patterns, such as fast hoppmgjow
hopping. The pulse amplitude is scaled to satiffy’(¢)dt = 1/Ny, such that the symbol waveform
has unit energy/ ¢2(¢)dt = 1. Furthermore, the data symbols are modulated during tressgm. In
pulse-position modulation (PPM), different symbols arired by shifting a pulse to distinct positions
in time within the specified symbol duration. For a binary PRiM modulated symbols transmitted by
the desired user can be described as:

o0

s(t) = Z gs(t —iTs — a;A\) 2)

1=—00
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wherea; € {0, 1} represent the data symbols that are modeled as binaryendept and identically
distributed (i.i.d.) random variables addrepresents the time shift imposed on all the elastic pulsas o0
given transmission stream by a unit data symbol.

Next, we discuss the elastic wave propagation channel fdeland signaling. Under the linear
elastic wave theory, the overall channel response can belethtly a stochastic tapped delay line:

h(t) = i Oélfl(t — Tl) (3)
=0

where L is the number of taps in the channel responsgjs the path gain at excess delay,
corresponding to théth propagation path. We assume that the delay isc 77 < --- < 7,_1. The
first arrival, 7y, is normally referred to as the timing information and is swead with reference to the
receiver’s local clock for demodulation purposes. The fiom; f;(¢), represents the combined responses
of the transmit PZT sensor, the receive PZT sensor, as wtiegsropagation channel corresponding to
the [-th path of a transmitted pulse. We note that in this paperutiderlying assumption regarding a
surface-mounted PZT wafer active sensor is that its regpsnsharacterized as a linear time invariant
system and, thus, is absorbedfi(¥). More detailed modeling of PZT wafer active sensors can bedo

in various literature (see, e.g3Q,31]). For simplicity, we letf;(t) = d(¢), an ideal channel impulse
response. Hence, we can re-write Equat®ras:

L—1
h(t) = ad(t =m0 — 7)) (4)
=0

wherer, o, £ 7, — 7 is the relative time delay of theth path. The received signal from a single user can
then be written as:

r(t) = s(t)xh(t)+w(t) (5)
oo L-—1

= Z Z@lgs(t_iTs —CLiA—Tl)—FIU(t) (6)
i=—o0 =0

= i S(t —iTs — a; A — 79) + w(t) (7)

wherex denotes linear convolution andt) = g,(t) * B(t) is the received waveform corresponding to a
single symbol waveform, where:

h(t) = 2 a8(t —7) 8)
=0

is a pseudo-channel response by eliminating the first &mivé(¢). The disturbance termy(t), is
assumed as a wide sense stationary process characteritikee additive noise with zero-mean and
complex Gaussian distribution.

The symbol,r, is the direct propagation delay between the transmittdrtihe receiver and can be
expressed ag = n1s + n;1y + €, based on different time scales at the symbol-level, fréaael and
pulse-level 19]. Here,n, = |7y/7| stands for the symbol level offset; = | (1o — ns7%)/Ty| is the
frame-level offset, where; € [0, N; — 1], and the pulse level offset isc [0, T}). |x]| represents the
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largest integer not greater than Typically, a symbol-by-symbol sliding correlation files applied to
generate samples|i], at the symbol rate bylp,22,32]:

olil = [ rle+ T =)t ©)

wherep,(t) is the correlation template. Under the ideal case, wherefthenel knowledge is known and
the timing, 7y, is accurate, we choogg(t) = g,(t), which is equivalent to maximum ratio combining,
and Equation9) is the optimal detector for demodulation. Typicaly,is unknown and needs to be
estimated. The accuracy of the timing estimate and the eladithe templatey,.(¢), would significantly
affect the received energy of the sampl€), which, in turn, impacts directly the bit error rate. The
timing acquisition problem for guided elastic wave comneation is challenging in particular, due
to the inherent propagation characteristics of the elastannel. Elastic waves are dispersive, which
implies that there exists severe multipath energy spregaditastic waves are also multi-modal, which
means strong peaks of the received signals may appear inlo@tions of the time domain waveform
trace. To overcome these problems in timing acquisitionsgmabol demodulation, we propose the time
reversal PPM method in the next sub-section. For simpliery/chooseV, = 1 and Ny = 1. Hence,
T, = Ty and the general model of PPM in Equatiofisdnd @) is therefore simplified.

2.2. Description of Time Reversal PPM

The principle of time reversal for acoustic applicationgiorates from the invariance of the governing
wave equations in underwater acousti®d pnd in guided acoustic wave34-37]. Under the invariance
principle, if u(r,t) is the solution to the wave equation, the time reversed aersi the original
solution,i.e., u(r, —t), also satisfies the wave equations. This observation isthiat if we record the
waves radiated from a certain source and retransmit thearsed waves back to the same medium, the
retransmitted waves will retrace their incoming paths b@ekards the original source. Time reversal
has been successfully applied to ultra-wideband electyoetec wireless communication systems of
various configurationsl3,15,38,39]. In this paper, we consider a single-transmitter and singteiver
configuration in a pitch-catch mode for elastic wave commation. The time reversal method for
timing acquisition can be summarized in the following fotaps:

Step (1)Channel probing (B — A). In this step, a pilot elastic wave pulgéf), is initiated from
the intended receiver, B, for probing the multipath prop@agechannel between B and the intended
transmitter, A. The received signals at A can be expressed by

y(t) = p(t) * h(t) (10)

whereh(t) is the impulse response of the elastic wave channel coupitdthe transmit and
receiver piezoelectric transducers, which is typicallgndispersive, due to the intrinsic properties
of elastic waves. Note that the additive noise is omittedsfomplicity purposes.

Step (2)Time reversal. The received signal is time reversed in the time domain. Tine t
reversing operation is equivalent to reading the data biyifirkast-out, which yields:

y(=t) = p(=t) * h(=1) (11)
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Here,y(—t) is called the time reversed waveform. Note that by the tealmord spatial focusing
characteristics of time reversal, if we retransmiit-¢) back to the channel and assume that the
channel reciprocity holds, the retransmitted waveform feitus the scattered multipath energies
on the initial source receiver temporally and spatiallyu3fthe intensity of the signal received by
the receiver is not only enhanced greatly, but the time spiealso compressed effectively. The
validity of the focusing effects have been studied in etastve theory in34-37).
Step (3)Preambles transmission for timing acquisition (A— B) In time-reversal-based timing
acquisition, we use the time reversed wavefor(s-t), in Equation {1) as the basic signal
waveform for carrying the timing preambles. The main adagetof using the time reversed
waveform as the information carrier is that complicatednecieh estimation algorithms are not
necessary at the transmitter, because the channel informatinherently included in the time
reversed waveform. Thus, the transmitting waveforms tagddrm of:
N-1
sp(t) =Y k-y(—t+nTy), 0<t < NT; (12)
n=0
whereT} is the frame duration for one bit transmissidnjs the number of preamble training bits
andk is the energy normalization factor to ensure the transonssnergy remains unchanged for
each symbol.
Step (4)Data symbol transmission (A— B) Following the preamble sequences, the data symbols
are transmitted. Here, we use a pulse position modulatioerse, which takes the form of:
M-1
=Y key(—t+ Ty + a;A), t > NTy + T, (13)
j=0
whereA is the shifting time for distinguishing the pulses carrybiy0’ or bit ‘1’. The guard time,
T,, is pre-determined and is inserted between the trainingnpioée symbols and the data symbols
for the purpose of preventing the data waveforms from opeilteg the timing preambles. All
binary datags; € {0,1}, are modulated by the pulse position modulation (PPM) sehevhere
M is the total number of binary bits for each data package todresinitted.

2.3. Timing Acquisition by Time Reversal

Next, we estimate the starting time of the preamble trairseguences at the receiver. After the
transmitted signals;, (¢), propagate through the channel, the preambles arrivirtgeattceiver become:

N—-1 N—-1
=Y y(—t—nTy)«h(t) =Y p(—t+nTy)* h(—t) = h(t) (14)
n=0 n=0

Note that we omit the scaling factdr, given in Equation1?2) in the derivation, because it approximates
a constant for static channels. It is well known that by timseersal(—t) « h(t) is the auto-correlation
function of h(t), which appears to be a highly focused waveform whét) is dispersive. Here, we
employ only one sliding correlation detector combined vaitkingle tap finger to capture and detect the
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received signals. To recover the starting time from theivedegpreambles, a locally generated template,
u(t), is applied to matching them in a sliding mode as follows:

Ry(r) — /0 " () - ult — )t (15)

- /0 ! <Z p(—t +nTy) * h(—t) * h(t)) ~u(t — T)dt (16)

whereu(t) = ZnNgol p(t — nTY). Inserting the elastic wave propagation channel model &muéd) into
Equation {6) yields:

NTf —1 L—1 N—-1
R, (T / <Zp —t +nTYy) Z (5(—75—73)*2%5(—15—7]') . Zp(—t—m?}—ﬂ) dt
=0 m=0

Next, we let the autocorrelation function bBe,,(7) = ff;op(—t)p(t —7)dt and Ar; = 7 — T,
AT, = (n —m)Ty; we can re-writeR,(7) as:

Rp(T) = O[Z‘Oszpp(T — ATZ‘]‘ — ATmn)
i=0 j=0 n=0 m=0
= Qo(T)‘l— 1\7T ‘l—QQ(T)‘l—Qg(T) (17)
where:
L-1 N-1 L—1
Qo(T) = O‘zszp(T) = NRy(7) %2 (18)
i=j=0 n=m=0 =0

is the term that represents the autocorrelation betweemthigpath components. The rest of the three
terms in EquationX7) are the cross-correlation terms:

Qi(r) = > IR, (T — AT,) (19)
i=j=0 n#m m#n
-1 N—-1N-1
= Z a; Rpp(T — AT ny) (20)
1=0 n#Em m#n
L—-1L-1 N-1
Q2(1) = ;i Ryp(T — A1) (21)
z;ﬁ j;ﬁ‘ n=m=0
1 L— —1
Qs(1) = Z Z Z ;0 Ry (T — ATy — AT) (22)
i#j jFi nFmm#En

Since the autocorrelation collects all the signal energfethe multipath components of the received
preambles@),(7) has the strongest intensity and possesses the most enghgydstector output. As a
result, the last three terms can be neglected, becausedbe @vrrelation results in destructive addition
between the template and the received preambles. Thus,wee ha

Qo(T) > Q1(7), Qo(T) > Qa(7), Qo(T) > Q3(7) (23)
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We emphasize that the approximation given in Equatk8) bas been verified using experimentally
measured elastic signals. A detailed theoretical perfoo@aanalysis regarding the impact of the
approximation is out of the scope of this paper and will bewussed elsewhere. As a result of the
approximation, Equatiorl{) can be simplified as:

L-1 N-1

L—-1
Z i Ry (7) NZO‘?Rpp(T) (24)
i=0 n=m=0 1=0

Finally, the start time of the preamble symbols is deterahibg searching the peak of the output of the
sliding correlation detector in EquatioB4) as follows:

L—-1
7o = argmax{R,(7)} —argmax{NZaszp )} (25)
0<T<NTy 0<T<NT} =0
Once the starting time of the preamble symbofs, is determined, the receiver performs the
demodulation by choosing:
to = Ty +70 (26)

as the start of the data symbols.

2.4. Sgnal Detection and Demodulation

The estimate of the timing,, is then utilized for signal demodulation using either romierent
detectors, such as energy detector (ED) and peak deted@rofPa coherent detector (CD). For low
system complexity and power consumption, we focus on theatwgrent reception of PPM signa8?],
which is a generalized likelihood detection. The symbolslea is based on finding the pulse position
that contains the maximum energy. The symbol-by-symbotad@n process does not require the
estimation of the channel parameters. The energy of thapatitcomponents is collected to increase
the detection probability of the actual transmitted puldéor binary PPM, we first calculate two
energy quantities:

o / P2t —to)dt, Ey & / P2t — tg — A)dt (27)
wherer(t) is the the received focused pulse for demodulatidh.is the time window for energy
integration. The choice &f depends on the time suppdfi, of the initial probe pulsey(¢). In practice,
one can choos# = T, or a faction of7}, such that the majority (e.g99%) of the signal energy is
retained, (e., [*17, p(t)dt/ [/, p*()dt = 0.99). Thus, the data symbols can be detected using the
energy detector by:

{ Symbol 0/ detected if Ey > E; (28)

Symbol ‘1" detected if Ey < E;

Assuming additive white Gaussian noise with power speculensity,V,, the bit error rate (BER) can

be calculated by3?2:

E

1
BERpp — —erfe [ ————2 2
Rip = Serfe (2(N0+NI)) (29)
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where the complementary error functiomsfc(x) =
inter-symbol interference (ISI) are given by:

[ e *dt. The signal energy and the

T

2
/7

E, = /2 r2(t — to)dt (30)
z k=K 2

N, = / ( > r(t—kT—t0)> dt (31)
-3 k=—K k0

respectively, wheré is the maximum number of the modulated pulses whose taildagp/the focusing
pulse. Note that if we choosSE = ¢, wheree stands for a very small time interval, the energy detector
approximates a peak detector (PD). The peak detector smafehthe focusing peak of the received
signals in a time window of duratiofi;, once the starting time, is obtained. Next, the corresponding
time, tpp, When the focusing peak occurs is then identified and is uwsddrnodulate the PPM signals.

3. Communication Results by Experiments

In this section, we will discuss the experimental configoraand the obtained results conducted on
steel pipes in a laboratory using the time reversal pulsgipnsnodulation communication scheme.

3.1. Experimental Setup

Figurel shows the steel pipe specimens and the acoustic sensovgetigatised in experiments. Two
sets of experimental configurations were employed. Thedatsof experiments included a carbon steel
pipe specimen of.833 meters in length70 mm in outside diameter antmm in wall thickness (see
Figurel(a)) and two PZT wafers (PSI-5A4E, Piezo Systems, Inc., Calge, MA) that were mounted
on the surface of the carbon pipe using cyanoacrylate adhdsicatedl.5 meters apart. Each wafer
was12 mm long ands mm wide. The second set of experiments included a staintess@pe ofl.5
meters in lengthl15 mm in outside diameter anélmm in wall thickness (see FigutEb)). On the
stainless steel pipe, two PZT wafers (PSI-5A4E) were maliotethe surface of the pipe, also using
cyanoacrylate adhesive, locat@d9 meters apart. Each wafer was mm long andi0 mm wide.

Figure 1. Lead zirconate titanate (PZT) wafers mounted on the surtdcevo pipe
specimens.d) A carbon steel pipe}) a stainless steel pipe.

R stainless steel pipe specimen
carbon steel pipe specimen. - . 4

(1 1
A

__ = A o - -
NETE PZTwh
PZT wafer ” =
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Figure 2. lllustration of experimental setup with cable connectiang circuit wiring. @)
A carbon steel pipe specimer)(a stainless steel pipe specimen. Water can be filled into

the pipe.

Data cable m Data cable

70 mm

4 mm |

T@ ‘( Copper foil \Colel?ler) I
PZT (12mmx6mm) v

PZT (12mmx6mm)

1500 mm
1833 mm
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Filled with o 6mm

water s
S ———

PzZT
(10mmx10mm)

NI PXI t- ______

Copper foil

Data cable

690 mm
1500 mm

Data cable

~

¢ 115 mm:
K

(b)

The signal transmission and data acquisition unit was aoNatiinstruments (NI) PXI system, which
consists of an arbitrary waveform generator (AWG), a digitioscilloscope and a controller. The
waveform generator had a sampling rat® MS/s and al6-bit resolution. The AWG can generate
arbitrary waveforms in response to the dispersive medilms implementing time reversal. The
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digitizer had a sampling rate a0 MS/s and al4-bit resolution. The waveform generator drives the
transmission of the PZT sensor. The digitizer was connetctélde receiving PZT sensor and records
waveforms. The recorded waveforms were processed onling uabView programming for symbol
demodulation and detection. For simplicity, a peak detestis used. The controller synchronizes the
operations of the waveform generator and the digitizer. &tperimental setup is illustrated in Figute
Figure 2(a) depicts the cable connection between the PXI systemaviarbon steel pipe specimen.
Figure2(b) depicts the connection for a stainless steel pipe spati/ater can be filled into the pipe
for testing.

3.2. Description of Experiments

We follow the four steps given in sub-secti2r2 to conduct experiments.

1. Sep 1. Channel sounding. In this step, we choose a Gaussian modulated pulse:

p(t) = Aexp {— (t - t8>2} cos(2 f.4) (32)

Tp

as the probe signal, wherf is the center frequency, = 2 us, which translates to the nominal
pulse width of7, = /277, = 8 us [40], andt, is the time shift from¢ = 0 when the pulse is
generated.A is the amplitude (see the example in Fig8(a)). The total transmission energy is
defined ask, = [°_|p(t)|*dt. We choose this modulated Gaussian signal as the probé signa
for spectral control. The excitation signal has a centegueamcy,f. = 250 kHz, with the signal
bandwidth of500 kHz. The signal is amplified by a factor @0 using a built-in amplifier in the
NI's data acquisition system. The maximum voltage of thesS&n pulse isi = 10 volts. The
sampling frequency is chosen to be2d¥iHz, four times as much as the maximum frequency of
the modulated Gaussian pulse, in order to reconstruct tin@led digital signal into the analog
waveform in high fidelity.

We note that PZT wafers have been explored with continuousseidal or pulsed excitation for
defect detection in various applications. Optimal operatiof PZT wafers have been studied
by many researchers (e.g41]), including the procedure to determine the optimal freguye
range fi2] and analysis of its sensitivity to damage detectidB][ Our data communication
experiment was performed by using a nominal frequency batitdwf 500 kHz. Compared to
narrowband excitation, wideband pulse excitation resaitisore modes and more dispersiot].

For PZTs with different sizes and coupling conditions, thgraal excitation frequency that results
in the highest intensity of the reflected elastic waves may.va@he excitation frequency range
(i.e., 0-500 kHz) we chose would cover the optimal frequency for the PA¥sees observed in the
experiment. Figurd(a,b) depict the channel frequency response of the carleeh@pe specimen
and the stainless steel pipe, respectively. The chanrgldrecy response includes the frequency
response of the PZT wafers and the propagation channelrd4a) shows that the peak response
of the spectrum falls in th600 kHz range, while Figurel(b) shows that the peak response is
located at abouz00 kHz, which could be caused by the resonance frequency ofierRfer.
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Figure 3. Snapshots of waveforms obtained experimentally from tieeensal-based
pulse position modulation (TR-PPM) data communicationa adata rate ofl0 kbps.
(a) Gaussian pilot signal of us; (b) received response after channel soundiy;tilne
reversal transmissiond) received time reversal focused waveforme) (hodulated time
reversal PPM waveform{) received information carrying waveforms; arg) goomed-in

plot of (f). The red dashed lines indicate the starting positions
recovered bit stream in the time window4f ms -41 msisj0 0001 1
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2. Sep 2: Timereversal. As expected, the channel resporisg), that characterizes the elastic wave
propagation between two positions on a steel pipe is higl|yaisive. To realize time reversal, the
received signal is time-reversed, energy-normalized hed fed back to the wave generator. We
lety(t) denote the received signal; then, the time reversed signgHit), as in EquationX1). Note
that energy normalization af( —t) is necessary to ensure that the newly constructed trarniemiss
waveform has the same energy as the Gaussian pulse tralmsmissd in the channel sounding
experiment. The length of the received signal after timergal transmission at the digitizer is
twice as much as the length of the received signal attaireed &tep 1.

3. Sep 3 & 4. Data transmission via TR-PPM. Timing acquisition is not conducted in our
experiment, because the PXI system synchronizes the trsgsismand reception process between
the arbitrary waveform generator and the digitizer. A fixiedket offset can be determined. Here,
we focus on data transmission. The time reversed sigfal,), obtained in Step 2 is employed as
a basic waveform for information data transmission. Thermfation data are a stream of binary
digits (.e., zero’s and one’s) and are coded by the pulse position mtdalscheme, which takes
the form of:

s(t) = Z_ ky(—t)o(t — jTr — ¢;A) (33)

wherec; € {0,1} is the binary data to be transmitteld}, is the frame time to send one bit dats,
is the additional time shift to distinguish between the pslsarrying the bit, zero or oné&(-) is the
Dirac delta function. The energy-normalization coeffitisngiven byk = \/E,/E,, where the
total energy for signaj(—t) is given byE, = ffooo ly(—t)|?dt. In our experiments, the information
data was a series @ = 1,000 binary numbers, zero’s or one’s, randomly generated by iV
programming. The frame time is determined by the presctitzdmitting data ratd?, as follows:

1

Tr=5 (34)

The tests were carried out at the data rate30okbps, 20 kbps, 50 kbps and100 kbps, which
correspond to the frame time ®60 us, 50 us, 20 us and 10 us, respectively. In order to restore
the transmitted bit data, the time shift should be largen tiwe full width of the single Gaussian
pulse. Here, we use one fourth of the frame time as the tinfg shi, A = in. The parameters
for the TR-PPM test are summarized in Talile The recorded length is mainly determined by
the length of the modulated time reversal signal. Here, veetwgce the signal length for signal
recording at the digitizer.
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Table 1. Test parameters for TR-PPM communications.

Data Frame  # of bits Sampling Center Bandwidth Time # of

Rate  Time Transmitted Frequency Frequency Shift  Trials
(kbps)  (us) (MHz) (kHz) (kHz) (ps)
10 100 1,000 2 250 500 25 40
20 50 1,000 2 250 500 12.5 40
50 20 1,000 2 250 500 5 40
100 10 1,000 2 250 500 2.5 40

3.3. Results from Experiment |

We conducted the test on a carbon steel pipe to investigateliability of our technique by sending
a relatively long stream of bits at different data ratBs= 10, 20, 50, 100 kbps, and the feasibility of
automatic decoding of the bit streams. A total6findependent test runs were performed. Under each
test run,M = 1,000 binary bits were modulated, transmitted and decoded. Otlteaf0, 000 recovered
information bits, we counted the corrected decoded bitcafallated the bit error rate. Figuelepicts
snapshots of various signals collected in the experiment.

Figure 3(a) depicts a sho&us Gaussian modulated pulggt), with amplitude,A = 10 volts. The
signal,p(t), is excited through the PZT sensor to generate guided acaustes that propagate along
the carbon steel pipe. The received sigpét,, is recorded by the receive PZT transducer at the other
end of the pipe specimen (see Figd®)). We can see from Figur&b) that the received signal has
a very long series of arrivals as a result of multi-modal aladtee wave dispersion, which typically
occurs in a cylindrical shell. Moreover, the attenuatiorelef the dynamic range of the received signal
is on the order ofl0~2, which translates to abo@6 dB/m peak power attenuation from the initial
excitation signal to the received signal ovet .&-meter propagation distance. The severe dispersive
channel makes it very difficult to achieve data communicetiasing traditional techniques. By the time
reversal principle, a time-reversed response wavefg(mt) (see Figuré(c)), is transmitted through the
same dispersive channel and results in a much simpler wawefth a strong focused peak at the center
(see Figurg(d)). Time reversal signal processing effectively focubesnultiple dispersive wave modes
and enhances the signal-to-noise ratio. Fid(e3 depicts a snapshot of TR-PPM modulated information
carrying waveforms, which is the superpositionlof00 time reversed waveforms (FiguBéc)) under
the data rate of0 kbps with the total time span df0 ms. The TR-PPM modulated waveforms were
excited through the PZT sensor, transmitted and recorded. ndte that the TR-PPM transmission
waveform was scaled to avoid saturation of the waveform iggoeof the PXI system. The received
information carrying waveform consists of a series of fexlpeaks, whose positions within a frame
indicate bit stream (see FiguB¢f)). Note that a5 kHz - 600 kHz bandpass filter was applied during
the data acquisition process at the receiving PZT sens@maove low frequency vibrations and high
frequency electrical noise. The filtering also preventedrssion of the PPM waveform, due to DC drift.
Figure 3(g) is a zoomed-in plot of Figurd(f) in the 40 ms - 42 ms time window, which includes the
decoded 0-bit stream0 00011110 1].
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Figure 5 depicts snapshots of the zoomed-in view of the waveform&iénit) ms - 4.2 ms time
window under different data rates. The peaks are more gléatinguishable at the lower data rates.
The results are what we expected in that a higher data Fatmeans a shorter frame timé&;, which
gives rise to higher sideband levei(, interference), due to leakage from adjacent coded wawefo
Thus, the focused peaks become less distinguishable, wdsdlts in a higher bit error rate (BER).

Figure 5. Snapshots of the received information carrying wavefomtse time window of
4.0 ms+4.2 ms. The data rates area)(10 kbps; @) 20 kbps; €) 50 kbps; andd) 100 kbps.
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The obtained bit error rates under the four data rates arensuized in Tabl&€. Each bit error rate is
averaged ovet( independent trials. For each trial, the information streamsists ofl, 000 randomly
generated binary bits. Both the mean and the standard oevisit BER is shown in the table and is
plotted in Figures(a).

Table 2. Bit error rate (BER) obtained from experiments.

Data Rate (kbps) 10 20 50 100
BER mean 0 575x107* 1.09x1072 5.01 x 1072
std 0 833x10* 515x10% 1.17 x 1072

We study the effect of noise level in the data acquisitiortesyison the communication BER. We
average the received respongéstimes to reduce the white noise and compare the results fiata d
acquisition without averaging. Figufgb) shows that the mean and the standard deviation of BER over
multiple trials reduces td.33 x 102 and5.55 x 1073, respectively, as compared i®1 x 10~2 and
1.17 x 1072, when the white noise is not suppressed by averaging. Howieimprovement is not
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significant. This implies that the improvement of the sigimahoise ratio by averaging is insignificant
compared to that by applying the time reversal focusingrieple.

Figure 6. (a) Obtained bit error rateersus data rate ai? = 10, 20, 50, 100 kbps; @) impact
of noise reduction by time averaging.
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3.4. Results from Experiment |1

Next, we conducted experimental tests on a stainless sigelspecimen ofl.5 meters in length,
115 mm in outside diameter artdmm in wall thickness. Our goals were to validate that our e
could be generalized to (1) pipes of different materialsahisions and loading conditions; (2) sensors
of different sizes and inter-sensor distances; and (32 wifft noise levels. Two PZT wafers (PSI-5A4E)
were mounted on the surface of the pipe using cyanoacrydutesave, located.69 m apart. Each wafer
was10 mm long andl0 mm wide. The stainless steel pipe vertically stood on the fletth the bottom
end sealed with a rubber cap, which allows the pipe to holéwd&andomly generated bit streams at
data rates oRR = 10, 20, 50, 100 kbps were sent through the pipe specimen using the TR-PPKaahet
under two testing scenarios: the pipe was empty (withoueryaind the same pipe was filled with water.
Furthermore, we also tested the communication results wieetime averagingl() times) of received
responses was employed when generajirg ) for modulation.

Similar to the experimental results on the carbon steel, pyeeobserved a complex channel sounding
response on the stainless steel pipe (see Fig(p and a strong time reversal focused peak (see
Figure7(d)). However, we also noticed a higher level of sidebandsrad the time reversal focused peak
compared to what we observed in the carbon steel pipe speamixperiment | (see Figur&d)). This
phenomena are caused by the relatively small ratio of timstnéter/receiver distancé(= 0.69 meter)
to the pipe diameter(= 115 mm),i.e,, D/r = 690/115 = 6 for the stainless steel pipe setup, whereas
the ratio is aboutD /r = 1500/70 = 21 for the configuration of the carbon steel pipe experiment in
Experiment . We note that elastic waves that propagategegypically consist of longitudinal waves,
torsional waves and flexural modes[46]. After excitation, different wave modes would appear as th
waves travel along the pipe and interrogate the pipe. Sinteame PZT receiving sensor was used at a
single position on the pipe, many wave modes that were ekbite¢he transmitting PZT sensor could not
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be captured, which, in turn, gave rise to a smaller focuseak@nd larger sidebands after time reversal.
We anticipate that using an array of PZT receivers couldexeha better time reversal focusing, because
the use of a sensor array could capture more transmitted @raergly caused by various wave modes.
Due to space limitation, the test results using sensor siwalf be reported elsewhere. Figuvég)
depicts a zoomed-in plot of Figui&f) in the 40 ms -41 ms time window, which includes the decoded
10-bit stream asl 10100 1 10 1]. Figure8 depicts snapshots of the received information carrying
waveforms in thel.0 ms -4.2 ms time window for the four different data rates.

Figure 7. Snapshots of waveforms obtained experimentally from TRiP&ata
communications on a stainless steel pipe (not filled withewadt a data rate dfo kbps. @)
Gaussian pilot signal af 11s; (b) received response after channel soundiogtifhe reversal
transmission;d) received time reversal focused waveforg);rhodulated time reversal PPM
waveform; {) received information carrying waveforms; argj goomed-in plot off). The
red dashed lines indicate the starting positions of synmaohés. The transmitted bit stream
in the time window off{0 ms and41 msis[110100110 1].
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We repeated the same experimental procedure on the staatées pipe specimen by filling the pipe
with water. When filling the pipe with water, a few drops ofelgent liquid were added to the water to
release bubbles at the pipe-water interface inside of {he. pihe bubbles were observed accumulating
at the water surface and released to air instead. Figualepicts the snapshots of waveforms obtained
during the TR-PPM data communication schemes similar td wha presented in Figuiéfor the test
scenario where no water is in the pipe specimen. Fi§(aeand (g) show that the waveforms have less
sidebands compared with Figuf@l) and (g), which implies less interference caused by thetsinds of
the time reversal focused response. The bit stream turns ¢t more distinguishable when the pipe is
filled with water. Our hypothesis is that water suppressesiceguided wave modes in the pipe (such as
flexural modes), due to the water damping effed@;[thus, the adverse effect on time reversal focusing,
due to a short inter-transducer distance, becomes lesficagn
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Figure 8. Snapshots of the received information carrying wavefomité time window of
4.0 ms -4.2 ms obtained from a stainless steel pipe (not filled with wafEne data rates are
(@) 10 kbps; p) 20 kbps; €) 50 kbps; andd) 100 kbps.
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Figure 9. Snapshots of waveforms obtained experimentally from TRiP&ata

communications on a stainless steel pipe filled with watea atata rate ofl0 kbps.
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transmitted bit stream in the time window4f ms andi1 msis[111101000 1].
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As a result, we achieved a lower BER for TR-PPM communicatmmthe pipe that was filled with
water at the data rates &f = 10, 20, 50, 100 kbps, compared to the scenario when the pipe was not filled
with water. Next, Figurd 0 depicts the snapshots of the received information carnyiageforms in the
4.0 ms -4.2 ms time window under data rates Bf= 10, 20, 50, 100 kbps, respectively. The BER results
are summarized in Tab®and plotted in Figurd 1.

Figure 10. Snapshots of the received information carrying wavefommthe time window
of 4.0 ms -4.2 ms obtained from a stainless steel pipe specimen filled wétew The data
rates are: d) 10 kbps; ) 20 kbps; €) 50 kbps; and @) 100 kbps.
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Table 3. Obtained bit error rate (BER) for stainless steel pipe speni

Data rate (kbps) 10 20 50 100

Without mean 1.195 x 1072 4.202 x 1072 0.137 0.190
Water std 4.716 x 1073 1.243 x 1072 3.103 x 1072 2.771 x 1072

With mean 2.925 x 1073 3.887 x 1072 7.212 x 1072 0.129

Water std 3.408 x 1073 1.078 x 1072 1.565 x 1072 1.565 x 102
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Figure 11. Obtained bit error rateersus data rates of2 = 10, 20, 50, 100 kbps for stainless
steel pipe specimen.
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Furthermore, we also utilized time averaging (by a factor@fto reduce noise level in the received
responses for both scenarios (water filled and no water) ersthinless steel pipe specimen. The
improvement due to time averaging is insignificant, as shiovthe Table4, where the BER results for
the case of non-averaging and that of averaginglaD&bps data rate are summarized. The results are
what we have expected, because Equati® ieveals that the bit error rate depends on the noise power
and the inter-symbol interference. Averaging will incre#fse signal-to-noise ratio by reducing the noise
power, but has a limited effect on the side-band level thatatterizes the inter-symbol interference.
However, it is expected that time averaging would be effedt the environment when the noise level
is relatively high.

Table 4. Impact of Noise Reduction by Time Averagingla kbps.

BER No Averaging Averaging10 Times

Without mean 0.190 0.181
Water std 0.027 0.015
With mean 0.129 0.095
Water std 0.015 0.012

4. Conclusions and Discussions

In this paper, we present the theoretical background ancerewmpntal studies of the time
reversal-based timing acquisition and pulse position rfaiaun method for pulsed wideband elastic
wave communication on steel pipes. In this method, the fagysroperties of time reversal are used to
exploit the strong dispersion and multi-modality of elasthannels to enable accurate timing acquisition
and symbol demodulation. As a result, a single finger recelwmbined with a single sliding correlation
detector suffices for the system to rapidly obtain the stgrtime. Once the timing offset between the
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transmitting sensor and the receiving sensor is obtaineduiated symbols are transmitted, received
and demodulated to recover the original information symibbkrefore, complicated channel estimation
algorithms are not necessary, due to time reversal, andthputational efficiency is improved. From a
hardware perspective, sophisticated circuit impleméenas not required.

We conducted experimental studies on steel pipe specingng piezoelectric PZT sensors in a
laboratory environment. The experimental results demmatestthat the proposed TR-PPM scheme
achieves robust communications at data rate$) éddops and20 kbps on steel pipe specimens in spite of
the severe channel dispersion and multi-modality of thetiel@hannels. To achieve higher data rates,
more complicated processing techniques, such as adaptiaéization or error control coding should be
used in conjunction with the time reversal approach. Intmldiwe note that the system has been tested
over a rather small distance (a maximumldf meter), due to limitation of the specimen’s dimension.
The estimated attenuation factor is ab@@atdB/m, as described in Sectiah3. In general, as they
are propagating, guided waves may experience attenuatioedaction in amplitude. This scenario
occurs mainly in two situations or a combination of bot][ i.e., material absorption of wave energy
due to viscoelastic materials in the medium9|[and energy leakage into a different medium at the
boundaries$0]. The efficacy of the proposed TR-PPM over distances thatarerder of magnitude
greater than the ones tested in our experiments is influemgéde attenuation factor, which, in turn,
depends on the excitation frequency, the material propéng type of generated wave modess.
Although not tested in a more realistic environment on sed-structures or pipelines, the proposed
scheme is expected to perform well over a longer distancelamgar scale, for example, & meter
range if a60 dB signal-to-noise ratio (SNR) loss is allowed, due to waveratation, based on the
observed6 dB/m attenuation factor.
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