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Abstract Communication systems based on in-pipe acoustic
propagation have great potential to cover areas in which tradi-
tional infrastructure is unavailable. Characterization of the chan-
nel plays an important role in the design of any communication
system. However, in case of spatially large channels, this aspect
needs further investigations. In the present work, a method for
the characterization of an acoustic channel is presented. This is
based on the measurement of the complex transfer functions
relating voltages and pressures at the channel ports. Such a
technique was validated on a 75 m long segment of a urban water
distribution pipeline. The measurements assessed the frequency
selectivity of the acoustic channel and the wave propagation
speed. From experimental results, the response of the acoustic
channel had an overall low-pass behavior, but it showed several
deep notches at low frequency.

Index Terms Channel characterization, communication in
water distribution systems, noise PSD

I. INTRODUCTION

Underwater communication systems have received increas-
ing attention in the last decades. Such large interest has arisen
as a response to the need for communication systems applied
to marine research, oceanography, marine commercial opera-
tions, the offshore oil industry and defense [1]. Of particular
interest is the case of in-pipe communication, in which guided
propagation of acoustic waves inside a uid- lled pipe is
used to send and receive information [2]. In-pipe communi-
cation systems can be employed in industrial environments
tackling issues such as the absence of traditional wired or
wireless network infrastructure. In this context, such systems

nd applications like structure health monitoring and tracking
of the operating conditions of an industrial plant. Several
recent works have presented the use of existing infrastructures
such as water, oil and gas distribution pipelines as acoustic
communication channels [3] [7]. The common denominator
of all these works is the role played by the characterization
of the communication channel in the design of the system.
Channel characteristics are important for the selection of the
physical components such as transducers, as well as for the
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design of the communication layer. Both theoretical modeling
and experimental characterization of the channel have been
employed in previous works. In [6] a theoretical modeling
based on modal analysis is presented for straight pipes. The
model is experimentally validated onto a lab scaled version
of a pipeline and measurements of the voltage transfer func-
tion (VTF) of the communication system are presented. The
approach followed in [5] is different, being mainly focused
in demonstrating the practical realization of an acoustic com-
munication system. The channel characterization is performed
experimentally in a real-world pipeline and VTF measurement
results are provided. Although previous works provide great
insight in the modeling and design of these communication
systems, experimental validation of the proposed strategies is
performed onto reduced scale pipelines in the vast majority of
cases, clashing with the nature of real-world pipelines, which
have complex structures and large spatial extension. Even in
those cases where experimental characterization is performed
in large scale pipelines, such as [5], the procedure is plagued
by other issues such as the absence of synchronous acquisition,
which would allow for complex transfer function tracing, and
the inability to assess the frequency response of the channel
alone, without considering the transducers. This work presents
a characterization method for large extension pipelines, aimed
at tackling the issues presented above. The method is an
extension of the classical transfer function characterization of
electrical two-port networks. An electrical-acoustical analogy
is drawn in order to achieve this. Building on the two-port
representation, the proposed characterization system achieves
the measurement of complex transfer functions onto a real-
world pipeline with large spatial extension, by means of
synchronous signal acquisition. The complex transfer function
of the channel could be useful for building a model from
experimental data by means of classical techniques such as
vector tting [8] or least squares method. Furthermore, a way
is provided for isolating the pressure transfer function of the
pipe in order to be able to assess the frequency behavior of
the channel alone, by removing the effect of the transducers.
The rest of the paper is organized as follows: a brief review
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Fig. 1: Simpli ed block diagram of transfer function character-
ization of a two-port network by means of a network analyzer.

of the classical electrical network characterization is given in
I1, after which the proposed system is described. Experimental
results from the application of the method to a practical case
study are provided in Ill. Concluding remarks are drawn in
V.

I1. Two PORT CHARACTERIZATION METHODOLOGY
A. Voltage Complex Transfer Function Measurement

Many electronic circuits can be seen as two port systems,
which perform some kind of processing onto the input signal
present at one port and provide the output signal at the other
port. It is common for these kind of systems to be described
in terms of their frequency response or the impulse response
in the time domain. Often, experimental characterization of
a two-port is needed, so its frequency response has to be
measured. Although both input and output quantities of interest
could be either voltage or current, the most common charac-
terization of a two port network involves the measurement of
voltage transfer functions between the ports. This is achieved
by applying a frequency varying stimulus and computing the
complex transfer function with respect to the real frequency.
In Fig. 1, a block diagram of the characterization of a two port
by means of a network analyzer is shown. A two-port network
to be characterized is presented as Device Under Test (DUT)
and the port voltages are va and vg for the input and output
ports, respectively. A sinusoidal excitation is applied to the
DUT and the port voltages are measured at CHA and CHB,
while the excitation frequency is swept. The two voltages
are Itered and digitized by two acquisition chains, which
are represented schematically by the anti-aliasing Itering and
ADC blocks. The acquired information is then to be converted
into the required quantities, usually the magnitude and phase
representation of the frequency response, or sometimes the real
and imaginary part representation.

B. Proposed Transfer Function Measurement System

1) Electrical-Acoustical Equivalence: Analogies are often
drawn between electrical-mechanical-acoustical systems [9]
as an attempt to gain insight into complex problems by
moving them into a more familiar context. This allows for
the application of analysis and design methods developed
for a certain domain to the other, by simply swapping the
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Fig. 2: Simpli ed block diagram representation of two-port
acoustical network characterization by means of the proposed
system.

involved quantities. As an example, acoustical problems are
sometimes studied by building an electrical equivalent and
applying circuit theory, which can result in a simpli ed so-
lution process. For each domain, two quantities are identi ed
as energy carriers and in the acoustical case these quantities
are acoustic pressure p(t) and ux of uid, or volume velocity
u(t). Although mapping of these quantities into electrical ones
can be done in two different ways, the impedance model is
usually preferred, associating acoustical pressure to electrical
voltage and ux of uid to electrical current. By making
use of this analogy, acoustical systems can be studied in
the Laplace domain by considering the transformed quantities
P (s) and U(s), similarly to the study of electrical systems.
A water distribution plant, in which two access points for the
application and sensing of pressure signals are identi ed, can
then be represented by means of a 2x2 matrix relating the port
quantities among them.

2) System View: A schematic representation of the pro-
posed characterization setup is shown in Fig. 2, which can be
seen as an extension of the one previously presented in Fig. 1.
The system to be characterized is represented by the Acoustic
Device Under Test (ADUT), whose port quantities are the
pressures p1(t) and p,(t) at the input and output, respectively.
A pressure excitation is needed in order to characterize the
structure. This is achieved by means of a voltage to pressure
transducer, which is represented with a transformer model and
will be called actuator in the following, with transduction
constant ka measured in V=Pa. The model of the actuator
also includes the input inductance L at the electrical port and
the series resonant network at the acoustical port representing
the spring compliance (C), moving mass (M) and losses (R).
The generated pressure signal is

Po(t) = ka Vo(t) 1)



which can be different from the pressure signal at the input
of the ADUT, depending on the loading effect that is experi-
enced by the actuator. Instead, the input and output pressure
variations are sensed by means of two pressure to voltage
transducers, which will be called sensors, also represented
by means of VCVS, with sensitivities ks; and ks, measured
in Pa=V. An internal impedance has not been shown in
their model since the electronic circuitry used for the reading
can usually have a large enough input impedance so that
the loading effect is negligible. A sinusoidal voltage signal,
suitably ampli ed is applied to the actuator, which in turn
generates a pressure signal into the plant under test. The
frequency of the excitation signal is swept across the range
to be covered. The pressure signal at the input port gives rise
to the output voltage of the rst sensor,

vi(t) = kst pa(b): 2

It also propagates through the plant and gives rise to the
pressure signal at the output port, which is converted by the
second sensor into the voltage

Vo(t) = ks2 p2(b): )

The acquired signals can then be processed, allowing the
computation of the complex frequency response for each
frequency point swept by the oscillator. A simple calculation
procedure based on the Discrete Fourier Transform (DFT) is
proposed in order to evaluate the complex transfer function at
each point.

3) Considerations on the Transfer Functions Evaluation:
The proposed characterization system performs the acquisition
of the voltage at the input of the actuator, besides the output
of the two sensors, enabling the computation of three different
transfer functions. Of particular interest are the voltage transfer
function from the input of the actuator to the output of the
second sensor, which can prove useful in order to make
some ef ciency considerations during the development of the
communications system. It is given by

Va(s)
Vo(s) )

and is the transfer function considered by [5]. At the same
time, another important frequency response is the pressure
transfer function of the plant which can be used to assess the
frequency selectivity of the pressure communication channel
alone, by excluding the effect of the transducers. However, it is
not always possible to precisely know the transduction factor
of the actuator or evaluate the loading effect the ADUT has.
The proposed characterization system allows to null the effect
of the internal impedance of the actuator in the frequency
response estimation. The pressure transfer function of the pipe
can be computed as

Hc(s) =

Va(s) Ksi,
Vi() kso' ©)

which does not require the knowledge of the model parameters
for actuator.

Hp(s) =

4) Characterization Procedure: The computation proce-
dure of the complex transfer functions is described here. The
basic idea is that of building a table of frequency domain
points, which describe the transfer of the signal from one
port of the network to the other. Based on this, the rst
step is that of selecting a frequency range of interest and
a frequency increase step. These parameters can be chosen
based on different criteria and one possible approach could
be that of manually injecting few frequencies into the channel
at the transmitter side and observing the received signal at
the receiver side. It is understood that uid- lled cylindrical
pipes act mainly as low-pass channels [2] so, depending on the
minimum level of the received signal, a maximum frequency
of interest can be identi ed. Once the discrete frequency axis
is de ned, the measurement process can be carried out. First
a sinusoidal signal is synthesized and applied to the actuator.
After that, signal acquisition is performed on the voltages v,
vy and v, for a certain time duration. Time duration of the
acquisition is chosen such that it is compatible with the desired
frequency resolution, which is

1
taco

Tres = (6)
where tacg is the time length of each record. fres should be
chosen such that

f
fres

T being the frequency step of the discrete-frequency axis
chosen before. The sampling frequency fs = % should be
chosen according to the maximum frequency of interest, and
based on the Nyquist-Shannon theorem. The number of time-
domain samples can be expressed as

q= 2(1;2;:) (7

N =tacq fs+1 8

After acquisition, signals are stored for further elaboration, the
frequency of the generated signal is updated and the procedure
is repeated. In the end, signal elaboration can take place
and some characteristics of the channel can be computed. In
particular it is possible to evaluate the propagation delay of
the acoustic signal through the channel and, if the channel
length is known, information on the propagation speed of
the wave can be extracted. Furthermore, for each frequency
point, the complex transfer function can be evaluated, which
yields the magnitude and phase relationship between output
and input signals, as follows. Let Node 1 be the transmitting
one and Node 2 be the receiving node. The acquired volt-
ages, at the test frequency f, = f[m], are vi.m(t), where
m 2 (0;1;2;::;;M 1) for M test frequencies to cover and
i 2 (0;1;2) is the voltage index. Although the two-port case
is presented here, the method can be extended to a multi-port
network in which transfer functions from one port to another
are considered. The discrete time voltages can be indicated
with

Vizmin = Vi:m[N] = Vi:m (NTs) C))



Fig. 3: Top view of the test site with schematic representation
of the water pipe and location of the nodes. The length of the
two main propagation paths is highlighted. The designation
PE110 is used for the identi cation of the pipe properties.

where Tg is the sampling time and n 2 (0;1;2;::;;N 1)
is the discrete-time index. Then, for each test frequency, the
Discrete Fourier Transform (DFT) [10] of both signals can be
evaluated. The result are the frequency-domain sample arrays

Vi;m;k = Vi;m[k] = Viim:n € %kn
n=0
where k 2 (0;1;2;:::;N) is the discrete-frequency index. At
this point, the transfer functions at the frequency of interest
can be evaluated by taking the ratio of the DFTs at the index
corresponding to the test frequency

(10)

v,
He(fm) = 27 2C (11)
0;m;k
V. o
Hp (fm) = Vz'm'f % 2C (12)
1:m:k S2
where
— fy
k=_" 13
fI’ES ( )

I1l. EXPERIMENTAL RESULTS

A system for the characterization of a two port acoustic
network was presented in the previous sections. A practical
implementation and the application of the proposed technique
to a real-world case study is presented here. A top view of
the test site is shown in Fig. 3, where the water distribution
pipeline is schematically represented by the thick white lines
while the position of the two nodes is marked by the two dots.
The plant under examination has a ring-like shape which is
representative of the complexity of urban pipeline networks.
The pipe is made of polyethylene with an external diameter
of 110mm and is buried in soil at a depth of around 1m.
The two nodes are mounted onto the pipe by means of two
vertical pipe sections having a length of approximately 1 m.
By looking at the pipe con guration, two main propagation
paths for the acoustical signal can be identi ed from Node 1
to Node 2 of which the shortest has a length of L; = 73m
while the secondary one L, = 165m.

Fig. 4: lllustration of the test setup for the practical imple-
mentation of the proposed characterization system.

Fig. 5: Picture of the actuator mounted onto the pipe.

A. Channel Response Characterization

The practical implementation of the proposed characteri-
zation system is schematically represented in Fig. 4. Given
the large spatial extension of the network under test, the
measurement system has a distributed nature. This means that
one part of the system is located near one node and another
part is located near the other node, at a distance L;. Node
1 is equipped with the actuator which provides the excitation
signal, as can be seen in Fig. 5.

For the selection of the actuator the following consideration
is done: if the excitation frequency is kept suf ciently low,
the only mode that propagates is the one corresponding to a
plane wave, while the others are evanescent. For a circular
cross-section duct, as is the present case, the low-frequency
hypothesis is satis ed if

e < 1:841% (14)

where c is the acoustic wave propagation speed and a is
the internal radius of the pipe [11]. Using propagation speed
results from [12] of ¢ ” 430 m=s and the internal radius of
the pipe a = 45 mm, the critical frequency results

fc < 2:8kHz: (15)



Fig. 6: Raw data from a single frequency acquisition. The
waveforms are relative to the 47 Hz signal and represent the
output of the two pressure sensors.

This frequency limitation leads to the choice of a variable
reluctance transducer [13], which acts onto a circular rubber
membrane aligned with the cross-section of the pipe and
generates transversal pressure waves. Two hydrophones were
used as pressure sensors and calibration was performed in
order to compute the sensitivity ratio % A multi-function
PC-based instrument [14] is used both for the signal generation
to the input of the audio ampli er, as well as for the acquisition
of the voltages across the actuator and at the output of
the conditioning ampli er. The mixed signal channels of the
instrument are speci ed at 14 bit resolution and 100 MSa=s
maximal sampling rate for both the analog-to-digital and the
digital-to-analog conversions. At the output end of the acoustic
network, a similar con guration is used, where the part relative
to the actuator is missing. Simultaneous acquisition from the
two nodes is achieved by means of a timing signal which
is generated by the elaboration unit of Node 1 and it is
conveyed through a wire to Node 2. A digital Low-Voltage
Differential Signaling (LVDS) transceiver [15] is employed
for the driving of the long wire and another one is employed
at the receiving end for the conversion of the signal from
LVDS back to logic level in order to be used as a trigger
input for the acquisition. Following manual probing of the
channel, a maximum measurement frequency of 200 Hz was
chosen, above which the received signal was close to the
noise oor. The minimum frequency of 40Hz was chosen
because of the bandwidth limitation of the transducers and
the number of data points for each acquisition is limited
to N = 8000 by the acquisition instrument. A sampling
frequency of fs = 2kHz was then chosen as a trade-off
between frequency resolution and anti-aliasing, resulting in
an acquisition interval taco = 2s and frequency resolution
fRES = 0:5Hz.

Time domain raw data for a single acquisition, relative to the
47 Hz frequency, are shown in Fig. 6. The presented signals are
the ones received by the sensors, to which the ampli cation
factor of the ampli ers has been removed. The propagation
delay, marked as tp in Fig. 6, has been estimated as

tp 7 170 ms: (16)

Fig. 7: Magnitude of the transfer functions Hc () and Hp ().
The frequency step is 0:5Hz.

Since the shortest path length is known in this case, the wave
propagation speed can be computed as

c= L, 430 m=s:
tp

This result is in good agreement with observations from [12]
for buried polyethylene water pipes. A second arrival can also
be seen in the received signal at node 2, which is likely due
to the propagation of the signal through the longer path. The
transfer functions Hc(s) and Hp(s) were computed with the
aim of assessing the in uence of the system components on the
frequency selectivity. A comparison of the magnitude of these
two functions is presented in Fig. 7. It can be understood from
the plot that the frequency selectivity of the measured transfer
function is largely due to the pipeline, while the cascade of the
actuator and pressure sensor mainly accounts for an approx-
imately constant attenuation. The complex transfer function
of the pipe in the polar notation is shown in Fig. 8. Some
observations can be made on the measured frequency response.
The rst and most evident one is the low-pass behavior of the
pipe as an acoustic two-port. Hence it appears that, from a
communication channel standpoint, the lower frequency band
is more suitable for signal transmission. At the same time, it
can be seen that for frequencies roughly below 100 Hz the
pressure transfer function has an oscillatory behavior with
local maxima and minima alternated. Few deep notches can
also be observed at frequencies 52:5Hz, 59:5Hz and 68:5Hz
with attenuation higher than 40 dB.

(17)

B. Noise Characterization

A noise measurement campaign was carried out as well,
with the aim of investigating the noise level present into the
pipe. Noise was measured by means of the hydrophone at the
Node 1 location during a 24 hours interval. Power Spectral
Densities (PSDs) were computed for each noise record, which
are shown in Fig. 9. It can be noticed that the odd harmonics of
the mains’ are captured by the acquisition system. Concerning
noise, a near-constant envelope trend is apparent at the lower
frequencies, up to around 400 Hz, while the intensity decreases
at the higher frequencies. It can also be noticed the time-
dependent behavior, with the noisiest time interval between 15



Fig. 8: Complex transfer function of the pipe (top) magnitude
and (phase). It has been evaluated indirectly by assuming that
the pressure sensors are identical.

Fig. 9: Spectrogram of noise measurement during 24 hours.

and 18 o’clock. Noise measurement over a longer time period
of 8 days was also carried out, aiming to extract some periodic
features. Acquisitions were performed with a frequency of one
every 3:5min. Each acquisition was collapsed into a number
representing the energy of the noise, and the resulting data was
analyzed through the periodogram. The output of the analysis
is represented in Fig. 10. As can be seen, noise data shows a
daily cycle and a slower cycle of one repetition every 2 days.

C. Results Discussion

The information obtained with this characterization proce-
dure can be useful for the design of a communication system,
based on acoustic wave propagation in water- lled pipelines.
The measured frequency response can be used both for the
selection of suitable transducers whose frequency response
should overlap as much as possible to the one of the channel,
as well as for the selection of the carrier frequency in which

Fig. 10: Periodogram of the noise energy over 8 days. The
sampling frequency was one acquisition every 3:5min.

Fig. 11: Magnitude of voltages Vo(f) and V,(f) overlapped
to noise PSD. The labels of the noise records report the
acquisition time.

frequencies corresponding to deep notches should be avoided.
The notches observed in the frequency response of Fig. 8
divide the characterized interval into four possible transmis-
sion bands, with the least attenuated one B; = [41 Hz; 47 Hz].
On the other hand, the band B, = [70Hz; 100 Hz] is wider
but also less at, with uctuations of around 10dB. When
selecting the carrier frequency, besides the channel response,
it is also important to consider the noise distribution as a
function of frequency, as well as the energy ef ciency of the
system. It was seen from the spectrogram of Fig. 9 that in-pipe
noise had an increased value during the nal part of the day.
The PSD of some of the higher magnitude noise records is
shown in Fig. 11, superimposed to the magnitude of voltages
Vo(F) and Vo (F). It can be seen that during characterization
the voltage at the input of the actuator was stepped up, as
the frequency increased, in order to improve the SNR at the
receiver. Hence, it can be said that it is preferable to employ
such an actuator in the frequency range up to 100 Hz, where
the driving voltage amplitude is smaller and the received signal
amplitude is larger than at higher frequencies. The nearly at
behavior of the noise spectra can also be seen, which results in
a SNR in excess of 40dB at the lower frequencies, except for
the notches previously observed. Assuming the use of a simple



digital modulation technique, such as binary ASK, it appears
from the previous considerations that he most suitable band
for the carrier frequency selection are B; and B5. This choice
has also to be performed according to the bandwidth of the
signal to be transmitted. For simple binary digital modulations,
the null-to-null signal bandwidth is [16]

2

BW = —

Tb

where Ty, is the bit duration. Signal bandwidth has to be
smaller than the coherence bandwidth of the channel, which

can be computed as [17]

(18)

1
5t
where ¢ is the delay spread of the multipath propagation and
is highlighted in Fig. 6. This computation yields
1
B: ~ 1s = 1Hgz

which also corresponds to the maximum signal bandwidth that
can be transmitted through the channel without the use of
equalization. The minimum bit time can be computed as

2
Bc
which limits the data-rate at 0:5 bps.

B. ” (19)

(20)

Tb;min = =2s; (21)

1V. CONCLUSIONS

A system for the characterization of real-world, with large
spatial extension, uid- lled pipelines was presented in this
work. The aim was that of further reducing the limitations
of characterization methods present in previous works. The
proposed system can be seen as an extension of the classical
characterization method for electrical networks in which an
excitation is applied to the network and its response is mea-
sured. The main contribution of the proposed system is the
ability of tracing complex transfer functions onto large, real-
world structures, by means of synchronous signal acquisition
at the network ports. This enables model building and com-
munication system simulation, prior to its realization. Further,
a way of isolating the pressure transfer function of the pipe by
excluding the transducers was provided. An application of the
proposed system to a practical case-study was shown and re-
sults of experimental measurements were provided, which can
be useful for the design of a communication system using the
characterized channel. Future developments will be focused
on the evolution of the proposed method into a wireless one,
removing cables between the ports, thus increasing exibility.
Also, more advanced modulation schemes could be explored,
aiming to increase the bitrate limitation resulting from the
small coherence bandwidth of the channel.
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