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ABSTRACT

This paper considers the sensor aggregation for underwater pipe-
assisted stress wave communication (SWC). Although the SWC is
able to support the on-pipe sensor network in short range, the spec-
trum of long-range SWC is limited due to the effect of reflections
at the pipe joints. To address this issue, the orthogonal frequency-
division multiplexing (OFDM)-based consensus data aggregation
is proposed. Furthermore, the consensus data can be received via
time-domain sampling after ’compute-during-transmit’ in multi-
ple access channels (MAC). The simulation results show 0.26%,
0.03%, and 0.08% mean-square-error (MSE) in 5, 10, and 20 sen-
sor aggregation respectively with 5 dB average SNR. A vanishing
mean-square-error (MSE) can be observed when increasing either
the signal-to-noise ratio (SNR) or the number of sensors. This design
can obtain the aggregated data by a simple time domain sampling
with no need of down-conversion and demodulation.
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1 INTRODUCTION

The stress wave communication (SWC) is one of the novel under-
water communication methods assisted by the underwater pipe
network. The unique advantage of SWC is its static and weakly
attenuated channel, which allows longer communication range and
higher data rate [2, 3, 5]. In those works, only a few pipe segments
are considered and the experiments are performed in short-range
SWC (S-SWC). However, regraded as long-range SWC (L-SWC)
with tens to hundreds of joints, both the signal strength and band-
width can be limited due to the existence the pipe joints between
adjacent segments [4].
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Figure 1: Underwater stress wave communication network.

In this paper, our proposed system shown in Fig. 1 addresses this
problem. To prevent L-SWC from congestion, one can aggregate the
data from on-pipe sensors via S-SWC, which significantly reduce
the bandwidth usage of spectral limited L-SWC. Hence, a large on-
pipe sensor network could be potentially accommodated. To this
end, we propose an aggregation method to compute the consensus
data during transmission in S-SWC multiple access channels (MAC).
The OFDM precoding is also employed to spread the transmitted
data into all subcarriers and match the S-SWC channels.

2 S-SWC CONSENSUS DATA AGGREGATION
2.1 "Through the pipe" Computation

We target at implementing a wideband, low-complexity aggregation
in S-SWC on-pipe network. Inspired by AirComp [1] combining
communication and computation, pipe communications work even
better on signal-superposed aggregation due to the fading-free
channel. In the following sections, we consider the uplink trans-
mission of multiple sensors. While each sensor is equipped with a
single transducer for S-SWC, a single-transducer relay can receive
the aggregated S-SWC data and re-transmit via L-SWC. Without
loss of generality, we also assume the arithmetic mean is the target
function.

2.2 S-SWC Channel Characteristics

We build our testbed using cylindrical steel pipes with T-shape joint
and random distributed PZT (Lead Zirconate Titanate) patches as
the stress wave transducer. The channel response is highly fre-
quency dependent in Fig. 2(a) because of the PZT deployments on
the standing wave nodes or anti-nodes, which are determined by
the wavelength and boundary conditions. Fortunately, if multiple
subcarriers are considered, the distributions can be quite similar,
as shown in Fig. 2(b). The slight difference might come from the
tightness deviation when installing the PZT patches on the pipe
wall. This observation indicates that a multi-carrier system (e.g.,
OFDM) provides near uniform sub-channel responses for multiple
sensors, which is beneficial to the MAC function computing.
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Figure 2: S-SWC channel response.

As aresult, we utilize a group of OFDM subcarriers for consensus
aggregation instead of dissipating power on a certain frequency
bottlenecked by the sensors located on anti-nodes. The fine channel
estimation could be obtained by averaging multiple measurements
before transmission thanks to the static channel. Regarding the
synchronization, the time-reversal method can be adequate [2].

2.3 S-SWC OFDM Consensus Aggregation

Channel inversion is employed to compensate the phase shift and
attenuation, which yields a uniform channel gain a? among users
with power constraint P. The relay will calculate a® based on the
previous estimated channel and then broadcast. By uniforming
the target magnitude representing '1’, the optimal gain and the

corresponding OFDM precoder ||C;||, < 1 are shown as:

(a°P*)? = min H;7H;, (1)
1
H;*
Cj = ——aP", @)

where H;, C; € CNX! denote the ith sensor subcarrier response
vector and precoder, respectively. ()H means conjugate transpose.
We then notice that the estimated aggregated data equals to the
sum over receiving OFDM subcarriers, represented as:

K
1
j = —(§ C;TH\pPx; +n), 3
g9 KaoriNp 2 i i i (3)

where g denotes the target arithmetic mean and n is the receiver’s
thermal noise. ()7 means the matrix transpose. Following inverse
Fast Fourier Transform, the desired sum in the bracket in Eq. (3) is
the first sampling scaled by a constant in the time domain.

3 SIMULATION AND DISCUSSION

We select 200 kHz to 206.4 kHz for demonstration. The overall band-
width is 6.4 kHz divided by 64 orthogonal subcarriers. Consequently,
the sampling frequency is set as 12.8 kHz. Multiple sensor channel
responses are generated from the testbed measured distribution in
Fig. 2(b).

We first evaluate the computational accuracy by calculating the
mean-square error (MSE) assuming sources are standard normal
distributed. We demonstrate the impact of SNR and the emitter
number in Fig. 3(a). When the SNR is 5 dB, the simulated MSE
(averaged from 1000 trials) are 0.26%, 0.03%, and 0.08% in 5, 10, and
20 sensor cases, respectively. Also, the MSE will vanish as the incre-
ment of the SNR since the noise term in (3) is suppressed. We also
notice an "aggregation gain". This is because the coherent and con-
current transmission is similar to beamforming. Consequently, the
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Figure 3: S-SWC OFDM consensus aggregation.
transmission power can be lowered down without losing significant

accuracy.

In Fig. 3(b), we show the receiving signals (CP-removed) with
20 dB SNR in solid line and the desired data in dashed line. The
period of one aggregation is 64 samples. We notice the first sample
of the received signal is the estimated consensus without extra
down-converting or coherent detection modules. In the second
and third subplots in Fig. 3(b), we can also observe the valid data
is distinguishable from the noise-like floor when the mean and
variance become larger. This property can be used to determine the
reliability of aggregated results.

4 CONCLUSION

In this paper, we address the consensus data aggregation in under-
water on-pipe sensor networks. Based on the signal superposition
property, we propose a wideband aggregation using OFDM pre-
coders to fit the S-SWC channel with non-flat frequency response.
The simulation results suggest the computation accuracy could
be improved either the SNR or sensor population increases. With-
out down-converting and demodulation, a simple time-domain
sampling is sufficient to determine the consensus data, which can
significantly reduce the cost and complexity.
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