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Abstract—Underwater Wireless Sensor Networks (UWSNs)
and micro Autonomous Underwater Vehicles (uAUVs) enable
diverse underwater monitoring and service applications; e.g.,
observation of water quality or identification of pollution. Reli-
able underwater communication for data transmission between
sensors, uAUVs and base stations is required. The smartPORT
acoustic underwater modem AHOI is a small, low-power and
low-cost modem, which was developed for these applications. This
paper evaluates the modem’s resilience against shipping noise and
packet interference in UWSNs. At first, noise and interference
sources are presented, followed by a short description of the
modems’s countermeasures. At last, simulated noise of ships
and Autonomous Underwater Vehicles (AUVs) with different
distances to the noise source were added to the communication
signals and evaluated. And in addition, packet interference was
simulated and evaluated in a real-world scenario.

I. INTRODUCTION

Exploration and monitoring of underwater sceneries is draw-
ing considerable attention [1]. Recent examples are UWSNs
such as HydroNode [2], SUNRISE [3] or services for example
Robotic Vessels as-a-Service (RoboVaaS) [4]. In all cases,
reliable underwater communication is a major requirement.
Due to the strong attenuation of the electro-magnetic wave
in the water, most of the communication interfaces use an
acoustic communication (e.g. [5], [6]). Many applications are
located in ports and rivers and include several devices. Ships
and AUVs produce acoustic noise, which could disturb the
acoustic communication. In addition, in a network of acoustic
modems packet collisions can occur when several modems
transmit simultaneously.

In the following sections, we evaluate the AHOI modem’s
resilience against shipping noise and packet interference in
a network. A preliminary study was presented in [7]. The
resilience tests were used to simulate the modem behavior
in DESERT [8], a simulator for underwater networks based
on ns2. This paper extends the existing simulations with
shorter distances to the noise sources (higher noise level at the
receiver), an AUV noise simulation and additional interference
combinations. Moreover, interference is tested in a real-world
scenario. The interference evaluation is useful for prospective
decision on a Medium Access Control (MAC) protocol.

II. AHOI - AcousTiCc UNDERWATER MODEM

The AHOI modem is a small, low-power and low-cost
acoustic underwater modem (see Fig. 1 and [9], [10]), de-
veloped to be integrated into UWSNs or pAUVs (for ex-
ample the HippoCampus [11]). The power consumption in

Fig. 1: AHOI acoustic underwater modem with hydrophone.

idle and receive mode is around 300 mW and 2.1 W during
data transmission with highest amplification. For acoustic
signal reception and transmission, the AHOI modem uses an
Aquarian Audio AS-1 hydrophone [12]. In case of the high-
est amplifier level, the transmission source level is between
150-160 dBre pPa? @1 m.

Signal processing is realized in software on the micro-
controller, which allows a fast reconfiguration of frequency
and coding setups. In the default setup, the modem uses
an orthogonal Binary Frequency Shift Keying (BFSK) with
2.56 ms symbol duration and 781.25kHz frequency spacing.
Each symbol consists of four superimposed sinusoidal wave-
forms. To counter frequency cancellations caused by multi-
path propagation and to enhance the reliability against noise,
each bit is repeated on three different carriers, and Fre-
quency Hopping Spread Spectrum (FHSS) is applied to avoid
inter-symbol interference. The modem has 25 kHz bandwidth
around a center frequency of 62.5kHz. The default setup in
combination with Hamming coding leads to a net data rate of
260 bit/s (up to 4.7 kbit/s are feasible with the current setup).

A. Receiver Design

Before the digitization of the received signal, the signal
passes through an analog processing chain. At first, the signal
is pre-amplified to have a higher signal level. Afterwards a
highpass filter with cut-off frequency f. = 50kHz reduces
signal components with lower frequencies and a lowpass filter
with cut-off frequency f. = 75kHz reduces the higher parts.
At last, the signal is amplified again. The amplification gain is
controllable in the range from 60 dB to 96 dB. Figure 2 shows
the receiving characteristic for selected gain steps.

B. Hydrophone Characteristic

The AHOI modem uses a single transducer to receive and
to transmit (see Sect. II). In Fig. 3 the Free-Field Voltage
Sensitivity (FFVS) and Transmit Voltage Response (TVR) of
the hydrophone are depicted. The FFVS in the range from
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Fig. 2: Measured transfer function of the analog receiving signal chain
of an AHOI modem in steps of 6 dB.
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Fig. 3: FFVS in [dBre 1V /uPa] and TVR in [dBre 1uPa, 1V@1 m]
of an Aquarian Audio AS-1 hydrophone [12].

1kHz to 100 kHz is almost linear (2 dB) and has a sensitiv-
ity of —208dBV re 1pPa. Opposed to the FFVS, the TVR
is highly frequency dependent. During a transmission, the
modem compensates the frequency-dependent characteristic.

III. FUNDAMENTALS

This section presents the attenuation of acoustic signals
in underwater scenarios and different ship and AUV noise
profiles. Interference in underwater networks is discussed.

A. Acoustic Signal Attenuation

When the acoustic wave travels through the water, the signal
is attenuated. The path loss depends on the frequency f and
the distance d between sender and receiver. The attenuation is

L(d7 f) = Lspr(d) + Labs(d7 f) (1
=20-n-log,(d)+d-a(f)dB (2)

with spread loss Ly, and absorption loss Lgys. The path loss
exponent n depends on the situation and environment. For a
spherical spreading and a free-field assumption, the exponent
is n = 1. In contrast to spread loss, absorption loss is
frequency-dependent. The function «(f) models attenuation
in relation to the frequency. Different models are discussed
in [13], e.g. the Schulkin and Marsh formula. Assuming
test conditions from Sect. V, typical absorption losses are
less than 3dB/km for frequencies up to 100 kHz. Based on
that, absorption loss is negligible in small communication
distances compared to spread loss; e. g., Lg,r (100 m) = 40 dB.
Attenuation for short distances can be approximated with

L(d) = 201og, (d) . )
B. AUV and Shipping Noise

Ships and AUVs produce acoustic noise. The intensity and
frequency depends, e. g., on speed and ship length. For acous-
tic noise modeling, the authors in [14] presented a detailed
analysis of different noise sources, different ships and AUVs.
In addition, an equation is derived to calculate noise Power
Spectral Densities (PSDs). To evaluate the AHOI modem
resilience against shipping noise, these noise PSDs are used.
Two models are depicted in Fig. 4. At first a noise model for
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Fig. 4: Noise PSD in [dB re pPaQ/Hz] produced by a ship and an
AUV. The PSDs are derived with the equations presented in [14].
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a 180 m cargo ship, traveling with a velocity of 15 knots, and
the second one for an AUV from Bluefin Robotics [15]. In
both cases, the acoustic noise emitted by ship and AUVs have
highest PSDs below 10 kHz.

C. Signal Interference

In UWSNSs, multiple nodes transmit and receive data. The
simplest way is to start a data transmission, when the data
was recorded. This concept can lead to packet interference if
several nodes need to use the transmission channel at the same
time and packets overlap at the receiver. A more coordinated
transmission medium access (Carrier Sense Multiple Access,
CSMA), is to listen to the channel before the transmission.
If the channel is unused, the sender starts the transmission.
Opposed to the speed of light in a wireless over-water trans-
mission (using electro-magnetic waves), the speed of sound
in an underwater scenario is much lower. The speed of sound
depends on temperature, salinity, depth and is approximately
1500 m/s. For short distances, propagation delays are in the
millisecond range; e.g., for 150m a propagation time of
100ms (in contrast to propagation times less than 1ns for
wireless over-water communication). Based on that, CSMA is
difficult to apply compared to wireless over-water communi-
cation. Additionally, in a network with ©AUVs, protocols with
time synchronization and a fixed communication time slot for
each node, e. g., Time Division Multiple Access (TDMA), are
impractical due to the high variation of the propagation time
(due to mobility). In sum, media access is a critical point in
UWSN and there is a risk of packet interference. An extensive
discussion on UWSN media access can be found in [1].

IV. EXPERIMENTATION SETUP

The resilience against shipping noise and packet interference
was evaluated via simulation and a real-world scenario.

A. Simulation

A simulation was performed to assess the resilience
against ship and AUV noise. The noise was generated of-
fline and added to different recorded packets. A single
AHOI modem was used to receive the signal, which was gen-
erated with an arbitrary signal generator (TiePie Handyscope
HS5, 200kHz sampling). The signal generator simulated
the hydrophone voltage response (see FFVS in Sect. 1I-B)
for different PSDs and the signal strength was calculated
with Eq. (3). Figure 5 shows the PSDs of received pack-
ets at the receiver side (neglecting all propagation paths
besides Line-of-Sight (LOS)) for distances to transmitter
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Fig. 5: PSDs of the simulated modem signals and additional ship-
ping noise. The PSDs correspond to received signals (packets or
noise) with dm, dsnip, davv € {25 m,50m, 75 m, 100 m} distance to
the transmitter or noise source.

dy € {25m,50m, 75m,100m} and distances to the noise
source dghip, dauy € {26m,50m, 75m, 100m}. During the
simulations, different noise profiles were added to the packets.
The noise profiles were generated in according to Sect. III-B
and also shown in Fig. 5. For each combination of ship or AUV
noise level and communication signal strength, 100 transmis-
sions were simulated (with 32 B payload per packet).

In addition to ship and AUV noise, other underwa-
ter modems in a network could disturb the transmission
(see Sect. III-C). To evaluate the effect of packet interfer-
ence and the resulting Packet Reception Rate (PRR), the
same simulation setup was used. Instead of additional sim-
ulated noise, a second recorded packet was added to the
generator samples. All packets carried 32B payload and
had a signal duration of T, = 1.3s, including the syn-
chronization symbols. During the simulation two modems
(M7 and M) transmitted packets with different delays
At € {-1.25- T, —1 - Ty -oy 1.25 - T} The time At is
the reception time difference between M; and M, at the
receiver side w.r.t. the reception of the packet from M. For
example, At < 0 means the packet from My arrives before
the packet sent by M. |At| > Ty is a reception without
interference. The signal strengths of the received packets are
similar to the noise test (see Fig. 5).

B. Real-World Evaluation

The real-world evaluation took place at the Port of Harburg,
a small marina in Hamburg (see Fig. 6). It was a warm and
windless day in June 2019 with 19.5°C water temperature.
In all cases, the hydrophones were placed 1.5m under the
water surface. During the evaluation three AHOI modems
were used. The receiver was placed at a fixed position and
two transmitters at the setups (1) dy; = 25m, dyp = 25m
(2) dmi = 25m, dy; = 40 m. Each combination of setup and
delay At e {-1.5 T, —0.5 - Tpit, 0,0.5 - Tpie, 1.5 - Tpie s
100 packets with 32B payload were transmitted. Due to
serial connection and internal packet handling of the modems,
the exact transmission time was not controllable (a few
milliseconds difference). Both modems were connected
to a laptop and we waited At between the transmission
initialization and neglected the underwater propagation time.
Compared to the packet overlap in the seconds range, these
limitations are small (in the millisecond range). For At =0
the transmission from M is initialized first.
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Fig. 6: Test area;of our real-world evaluation at a port in Hamburg.

V. RESULTS
A. Simulation

At first, the resilience against ship and AUV noise was
evaluated. The ship noise affected packet reception in two
cases and in the other cases all transmitted packets were
received. The combination dgpi, = 25m, dy = 75 m resulted
in 97% and dgip = 25m, dy = 100m in 26 % received
packets. In both cases, the noise PSD is higher than the
communication signal PSD. As a simplification during the
simulations, the noise source was assumed as a point source
and dgpi, was smaller than the ship length (180 m). In general,
the ship noise sources are distributed over the ship hull and
the received signal level lower. The noise emitted by an AUV
has a lower PSD. As expected, in all simulations with AUV
noise profiles all packets were received. In sum, the modem
is resilient against ship and AUV noise.

The second evaluation simulated packet interference be-
tween two modems and different communication dis-
tances. Due to space limitations, Fig. 7 depicts only
the results for dy; € {25m,75m} in combination with
dyz € {25m,50m, 75m, 100 m}. The results of the evalua-
tion are: (1) Without interference (|At| > Tp) all packets
from M; and My were received. (2) The first packet (w.r.t.
the arrival at the receiver) is received, also for the case that
the second transmitter is nearer. (3) For the case At = 0 and
dy # dyp the packet from transmitter with a shorter distance
is received. (4) For At = 0 and dy;; = dyp the PRR goes
to zero. An exception are the cases: (a) At = —0.75- Tp
and dMl S sz (b) At= 0.75- Tpkl and dMl Z sz The
generated simulation signals in Fig. 8 gives an explanation
for the exception. For the case At = 0.75- T is a signal
cancellation, which distorts the packet reception.

Based on the simulation, the modem is resilient against
interference in the most cases. The resilience is independent of
the packet overlap and dependents on frequency cancellations
between the overlapping packets. Currently, other modulation
schemes are under development to avoid cancellations [16].

B. Real-World Evaluation

Figure 9 depicts the results of the real-world evaluation.
Opposed to the simulation, which simulates the LOS path
only, a real-world scenario consists of multiple propagation
paths and additional noise. Multipath propagation leads to
symbol interference and lowers the PRR. The results of the
evaluation are: (compared to the four points in Sect. V-A):
(1) Without interference (|At| > Tpi) the PRR was between
87 — 100%. (2) The first received packet wins with an
average PRR of 68 % (in the case At = 0, M; transmits
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Fig. 7: Packet interference simulation between M; and M. The time At is the difference between the reception of the packet from M;
and M at the receiver side (w.r.t. the reception of the packet from M ). The received signal strength was calculated w.r.t. the transmission
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Fig. 8: Offline generated simulation signals s(¢) with packet interfer-
ence. The amplitudes of both packages are normalized to 1.
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Fig. 9: Results of the packet interference real-world evaluation.
Receiver and M were fixed with distance dy; = 25 m. Red bars

show the PRRs from M and blue bars from Mo.

a few milliseconds before M5). The points (3) and (4) were
not included in the evaluation. Similar to signal cancellation
during the simulation, at dyp = 40m and At = 0.5 - Tp the
PRR decreased to 19 %. Also in a repetition of the experiment
(dyn = 25m, dyp = 40m, At =0.5- Tpkt) the PRR reduced
to 7%. In both cases, 99 % and 86 % of the packet headers
were received. This leads to the assumption, that the second
packet cancels the signals from the first during the payload
reception.

In sum, the real-world evaluation supports the general
finding from the simulation with the LOS signal. Due to
multipath propagation and addition noise, the PRR decreased
in the case of packet interference.

VI. CONCLUSION

We showed with a simulation that the modem is resilient
against ship and AUV noise. In addition, we analyzed packet
interference with simulations and a real-world tests. In many
cases, the modem is resilient against packet interference.
Based on our findings, it will be possible to choose a MAC
protocol for UWSNs or swarms of pAUVs equipped with our
AHOI modem.
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