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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 sources.
Reliable underwater communication for data transmission be-
tween sensors, 4AUVs and base stations is required and typically
acoustic. However, vessels and /AUVs produce noise, disturbing
the acoustic data transmission. Additionally, in networks there is
potentially a risk of packet interference. This paper discusses the
resilience against noise and interference of low-power acoustic
underwater modems in a network. We used the smartPORT
Acoustic Underwater Modem (AHOI modem) to analyze signal
processing and modulation schemes in a concrete case. The
AHOI modem modem is a small, low-power and low-cost modem,
which was developed for UWSNs and integration into ;/AUVs.
Based on our findings, we evaluate the resilience in simulations
and through real-world experiments in a marina. In general,
the results are useful to design and simulate low-power acoustic
underwater communication.

I. INTRODUCTION

Underwater monitoring and service applications are draw-
ing considerable attention. For example, in the year 2017,
over 80 % of the international cargo was transported by ships
(global trade by volume in [1]). To provide efficient progress,
the port infrastructure plays an important role. During the
last years, there has been a growing interest in robotic-aided
services with the help of Autonomous Underwater Vehicles
(AUVs), e.g., Robotic Vessels as-a-Service (RoboVaaS) [2],
and Internet of Things (IOT) solutions, e.g., UWSNs [3],
for ports and marinas. UWSNs can be used to monitor the
port area, measure biological parameters, and detect hazards.
Examples are the research project HydroNode [4] and the
industrial harbor monitoring network system in [5]. pAUVs
such as HippoCampus [6] or Vertex AUV [7] can extend the
network as mobile nodes or enable mobiles services, e.g.,
swarm-based data aggregation [8] or sensor polling [9].

In all cases, reliable underwater communication is a major
requirement. Due to the strong attenuation of the electromag-
netic wave in the water, most underwater modems use an
acoustic communication, e.g., [10]-[14]. Typically, UWSNs
or #AUVs require communication ranges in a few hundred
meters, and the modems must be cheap, small and low-power
devices. Based on the requirements, these modems have a
limited amount of computational power and use light-weight
data modulation algorithms.

Many applications are located in ports and rivers and include
several devices. Ships and AUVs produce acoustic noise,
which could disturb acoustic communication. Additionally, in
a network of acoustic modems, packet collisions can occur,
when several modems transmit concurrently. In both cases,
resilience against shipping noise and interference is mandatory
to provide a stable communication link between the AUV,
sensor nodes or a base station.

A preliminary simulation study with the AHOI modem [15]
was already presented in [16], [17]. This paper extends the
existing simulations with shorter distances to the noise sources
(higher noise level at the receiver), an AUV noise simulation,
additional interference combinations, and a real-world eval-
vation. The AHOI modem represents a large population of
similar low-power acoustic underwater modems. In [16] the
resilience tests were used to simulate the modem behavior
in DESERT [18], a simulator for underwater networks based
on ns2. Adapted from the measured communication perfor-
mance, new Media Access Control (MAC) protocols can be
developed and simulated.

Furthermore, there exist several techniques and light-
weight algorithms to improve resilience against noise and
interference. Opposed to the previous simulations with the
AHOI modem’s default setup, this paper includes a compar-
ison between different communication techniques. Based on
that, an appropriate choice of parameters can be archived.

A. Contributions

In the following sections, we investigate different signal
processing and modulation approaches to enhance the stability
against noise and interference. For the implementation on low-
power and low-cost modems, algorithms with a lightweight
computational complexity are required. Afterwards, we discuss
noise sources and interference and simulate their influence on
communication reliability. Typically, low-power and low-cost
acoustic underwater modems are used for UWSNs or AUVs in
harbors, lakes, or rivers. Thereby, noise sources are ships or the
self-produced noise by the AUV. We use the AHOI modem to
explain and test our findings. In general, the results are useful
for Frequency Shift Keying (FSK)-based low-power acoustic
underwater communication. At last, we validate our simulation
results with an extensive real-world evaluation.
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Figure 1: FSK-based methods to modulate 3 bit (bit sequence) to a
single symbol. An 8FSK requires the frequencies fi to fs. Opposed
to that, three BFSK on different carriers modulates the sequence
with f; to fe. In the case of orthogonality, it is called OFDM-BFSK.
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II. MODULATION AND TRANSMISSION

This section introduces FSK-based modulation and demod-
ulation for underwater communication. Due to space con-
straints, the following section explains selected techniques. For
more information, the reader is referred to standard reference
works in communication engineering, e. g., [19].

Due to the high attenuation of electromagnetic waves in
water, most of the underwater communication uses acoustic
waves. Opposed to electromagnetic waves, which travel with
3 x 10% m/s, acoustic waves are much slower and travels un-
derwater with 1500 m/s. When the acoustic wave propagates
through the water, the signal is attenuated. The path loss
depends on frequency and distance. As a result of damping
of higher frequencies (cf. Sect. V-A) and stronger acoustic
noise at lower frequencies (cf. Sect. III-A), most of the
acoustic underwater modems use frequencies between 10 kHz
and 100kHz (e. g., [10]-[14]).

A. Modulation

There exist different modulation methods, e. g., Amplitude
Shift Keying (ASK), Frequency Shift Keying (FSK) and Phase
Shift Keying (PSK). In the case of an ASK-based transmission,
the data modulates the amplitude and in the case of PSK
the phase of a transmission wave. Opposed to that, a FSK-
based transmission modulates data in different frequencies. A
large amount of acoustic underwater modems use a PSK or
FSK-based transmission (e. g., FSK-based [12]-[14] and PSK-
based [12]) due to the stability against noise and multipath
propagation. This paper focuses on the FSK-based underwater
transmission, which is implemented on the AHOI modem.

A Binary Frequency Shift Keying (BFSK) uses two fre-
quencies fi and f> two represent a single bit B € {0,1}. The
transmitted symbol s(t) is

for B=20
for B=1

sin (27 f1t)

s(t) =
) sin (27 fat)

te(0,7) (1)

with the symbol length 7'. Another common description is
a frequency modulation in the base-band and afterwards a
frequency shift to the carrier frequency fj in the transmission-
band. To enhance the data rate, a M-ary Frequency Shift
Keying (MFSK) uses M frequencies (M is usually a power
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Figure 2: Non-coherent receiver with the received signal r(¢) and the
frequencies f1 to f,,. The square root before the decision stage can
be neglected in the case of a hard decision.
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Figure 3: Bit sequence, the resulting BFSK modulated signal us-

ing Eq. (1) (received signal is equal to the transmitted signal in this
case), and the input to the decision stage v1 () and 72 (¢) (cf. Fig. 2).
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of 2) to transmit N = log, (M) bits per symbol. As an
example, Fig. la depicts a 8-FSK with 3 bits per symbol,
which uses the frequencies f; up to fs. Typically with an
equidistant frequency spacing of A f. The well-known JANUS
standard for acoustic underwater communication based on a
BFSK [20].

Opposed to the MFSK, it is feasible to add multiple BFSK
with different frequencies in order to transmit more than
a single bit per symbol. Figure 1b shows an example to
transmit 3 bits per symbol with the summation of three BFSK
modulated symbols. In the case of orthogonality between
the carrier frequencies, this method is known as Orthogonal
Frequency-Division Multiplexing (OFDM).

To transmit N bits per symbol, the BFSK with OFDM
requires 2NV and a MFSK 2% different frequencies. The BFSK
with OFDM is more frequency efficient. On the other hand,
the MFSK has a higher power per frequency compared to the
BFSK with OFDM, when the transmission power is constant.
Hence, the MFSK is more stable against additive white noise.

Simple and computationally light-weight detection methods
are coherent and non-coherent detection. Figure 2 depicts a
non-coherent receiver structure with the received signal r(t)
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Figure 4: Environmental ambient noise and emitted noise from a ship and an AUV. The ambient noises are calculated with the equations and
tables from [21], [22]. Far shipping noise is depicted with different shipping activity levels (heavy, moderate and light far shipping activity)
and sea state noise for wind speeds of 0-1knot, 4-6 knots, 11-16 knots, and 28-40 knots. The ship and AUV PSDs are derived with the
equations presented in [23] for an 180 m cargo vessel with 15 knots and Bluefin Robotics AUV [24].

and the frequencies f; to f,,,. The non-coherent receiver
enables detection with phase-shifted signals, in contrast to the
coherent receiver, which multiplies the received signal with a
sine instead of sine and cosine.

The decision stage (cf. Fig. 2) decides for the highest
input(s) (depending on the modulation scheme) per symbol.
Figure 3 gives an example, a bit sequence 01010101 is BFSK-
modulated to the frequencies f; and f>. The correlation
sums 7 (¢) and 7, (¢) are the decision stage input signals and
the decision stage chooses for each bit the higher correlation
sum to estimate the transmitted bit.

B. Frequency Hopping and Spreading

In the case of a single propagation path, defined as Line-
of-Sight (LOS), the demodulation of the transmitted signal
is simple (cf. Fig. 3). However, the acoustic shallow-water
channel is one of the most challenging transmission channels
with strong multipath propagation [25]. The transmitted signal
is reflected at the water surface and other objects, e. g., bottom,
quay walls, plants and ships, which leads to multiple propaga-
tion paths, defined as Non-Line-of-Sight (NLOS) propagation
paths. Due to the multipath propagation, the channel is fre-
quency selective, and received signals are distorted with inter-
and intra-symbol interference.

To deal with these challenges, different techniques can
be used. At first, frequency hopping prevents inter-symbol
interference and spreads the signals over a larger bandwidth.
Frequency-Hopping Spread Spectrum (FHSS) switches the
carriers instead of using a single carrier. In addition, to
counter frequency cancellations produced by intra-symbol in-
terference, symbol repetitions with different frequencies are a
lightweight method. In Sect. IV-C, both methods are explained
in more detail based on the modulation of the AHOI modem.

III. NOISE AND SIGNAL INTERFERENCE

This section presents acoustic underwater noise and differ-
ent ship and AUV noise profiles. In addition, interference in
underwater networks is discussed. The resilience evaluations
are based on the findings in this section.

A. Acoustic Noise

There exist several noise sources. Natural noise sources
are ambient noise, e.g., wind, waves and rain, and animal

noise, e. g., dolphins and the snapping shrimp [25]. Another
important noise source in ports is man-made noise, €. g., ships
and sonars. The authors in [21], [22] explain different noise
sources and give equations and tables to derive the noise
Power Spectral Densities (PSDs). Based on that, the PSDs
in Fig. 4a are derived. In the frequency region between 1 Hz
and 10 Hz ocean turbulence is the dominant noise source. Far
shipping noise dominates the frequencies 10 Hz to 300 Hz and
is depicted in Fig. 4a for different shipping activity levels, e. g.,
light (shipping level 1), moderate (shipping level 4) and heavy
(shipping level 7) far shipping activity (cf. [22]). At higher
frequencies, the sea state, caused by wind and waves, produces
acoustic noise in the region between 300 Hz and 100 kHz. The
resulting PSDs are derived for different sea states, defined by
wind speeds [21]. Figure 4a shows the acoustic noise for wind
speeds of 0-1knot (sea state 0), 4-6 knots (sea state 1), 11-
16 knots (sea state 3), and 28-40 knots (sea state 6). At last,
thermal noise affects the region between 100 kHz and 1 MHz.

The previous model includes far shipping noise in the
ocean. For acoustic near shipping noise modeling, the authors
in [23] presented a detailed analysis of different noise sources,
different ships and AUVs. The intensity and frequency of ship
noise depend, e. g., on speed and ship length. In addition, an
equation is derived to calculate noise PSDs. Two models are
depicted in Fig. 4b. At first, a noise model for a 180 m cargo
vessel, traveling with a velocity of 15 knots, and the second
one for an AUV from Bluefin Robotics [24]. In both cases, the
acoustic noise emitted by ship and AUVs have highest PSDs
in the lower frequency range.

In comparison between both diagrams in Fig. 4, the emitted
acoustic noise by a ship or an AUV is higher than the
environmental ambient noise. In harbors or ports, with short
distances to ships and AUVs the derived PSDs in Fig. 4b
dominate the acoustic background noise.

B. Signal Interference

In UWSNSs, multiple sensor nodes (attached to a modem)
transmit and receive data. The simplest way is to start a data
transmission, as soon as the data is 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
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Figure 5: smartPORT Acoustic Underwater Modem (AHOI modem)
with an AS-1 hydrophone (and 1-euro coin).

(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 transmission (using electromagnetic
waves), the speed of sound in an underwater scenario is
much lower. 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). Additionally, in a
network with 4AUVs, 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 [3].

IV. AHOI - AcousTiC UNDERWATER MODEM

The AHOI modem is a small, low-power and low-cost
acoustic underwater modem (cf. Fig. 5 and [15], [26]), de-
veloped to be integrated into UWSNs and pAUVs (e. g., the
HippoCampus [6]). The modem consists of three stacked
Printed Circuit Boards (PCBs) with an overall size of
50 x 50 x 25 mm?® and approximately €200 component cost.
The first PCB includes a CortexM4 microcontroller, power
supply and external connections. In addition, the second PCB
works as the receiver and involves amplifiers, a Band-Pass
(BP) filter and an Analog-to-Digital Converter (ADC). To
receive acoustic signals with different signal strength, the
amplifier gains are software adjustable (overall amplification
between 40dB to 96 dB). In the default setup, a software-
based automatic gain control is used to adjust the amplifier
gains. Finally, the third PCB is the transmission board in-
cluding a Digital-to-Analog Converter (DAC) and a power
amplifier. The power consumption in idle and receive mode
is around 300 mW and 2.1 W during data transmission with
highest amplification. For the acoustic signal reception and
transmission, the AHOI modem uses an Aquarian Audio AS-1
hydrophone [27] with a price of ca. €400. In the case of the
highest power amplifier level and a transmission in the range
between 50 kHz to 75 kHz, the transmission source level is be-
tween 150 to 160 dBre pyPa @1 m with an AS-1 hydrophone.

A. Receiver Design

Before the digitization of the received signal, the signal
passes through an analog processing chain (cf. Fig. 6). At
first, the signal is pre-amplified to have a higher signal

ADC

r(t) :
BP

Pre-Amp Amp
Figure 6: Analog receiving chain. At first, the received signal r(t)
from the hydrophone is pre-amplified and passes a BP filter. After-
wards, the signal is amplified again and digitized with an ADC.
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Figure 7: Measured transfer function of the analog receiving signal
chain of an AHOI modem. The pre-ampliefier gain was set to 54 dB
and the amplifier gain was adjusted from 6 dB to 42dB in 6 dB steps
(in general 2dB is the minimum step width).
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level. Afterwards a High-Pass (HP) filter with cut-off fre-
quency f. = 50kHz reduces signal components with lower
frequencies and a Low-Pass (LP) filter with f. = 75kHz
reduces the higher parts. In sum, the HP and LP form a BP
filter. Figure 7 shows the receiving characteristic for selected
gain steps (analog signal chain between r(t) and ADC in
Fig. 6). At last, the signal is digitized with an ADC, using
200kHz sampling frequency.

B. Hydrophone Characteristic

The AHOI modem uses a single transducer to receive and
to transmit (see Sect. IV). In Fig. 8 the Free-Field Voltage
Sensitivity (FFVS) and Transmit Voltage Response (TVR) of
the hydrophone are depicted. The FFVS in the range from
1kHz to 100 kHz is almost linear (2 dB) and has a sensitiv-
ity of —208 dBV re 1pPa. Opposed to the FFVS, the TVR
is highly frequency dependent. During a transmission, the
modem compensates the frequency-dependent characteristic.

C. Modulation and Coding

Signal processing is realized in software on the micro-
controller, which allows a fast reconfiguration of frequency
and coding setups. The communication is packet-based and
each packet starts with a preamble to apply a per-packet
synchronization. The default setup uses 16 synchronization
symbols, followed by a four-symbol Start Frame Delimiter
(SFD) to determine the begin of the modulated data. A packet
consists of a 6 Byte header (extended with a 1Byte Cyclic
Redundancy Check (CRC) checksum) and payload (extended
with a 2 Byte CRC checksum).

The AHOI modem uses an OFDM-BFSK (cf. Fig. 1b)
with N € {1,2,...,6} bits per symbol in order to enhance
the data rate (compared to a single bit per symbol). Ac-
cording to Sect. II-A, each symbol consists of N superim-
posed sinusoidal waveforms. The implemented symbol lengths
are T € {1.28ms, 2.56 ms}, resulting in 256 and 512 sam-
ples per symbol. To counter frequency- and time-dependent
attenuation caused by multipath propagation (cf. Sect. II-B)
and to enhance the reliability against noise, each bit is
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Figure 8: Hydrophone characteristics. FFVS in [dBre 1V /uPa] and
TVR in [dBre 1uPa, 1V@1 m] of an Aquarian Audio AS-1 [27].

repeated S € {1,2,3} times. This mechanism adds redun-
dancy with the price of a lower data rate. At last, FHSS
with H € {1,2,3} carriers is applied to avoid inter-symbol
interference (H = 1 means without hopping). Furthermore, the
repetition in combination with FHSS distributes the repeated
bits over a wider bandwidth. The result is visible in compari-
son between Fig. 9b and Fig. 9¢c. In Fig. 9b (S =3, H =1)
the bits are repeated on the same frequency. Opposed to that,
in Fig. 9¢ (S =3, H = 3) FHSS is applied an the bits are
distributed over more frequencies.

The default setup uses N =4 bits per symbol
with T = 2.56 ms symbol length, a bit repetition of S =3
and H = 3 hopping sequence length.

Furthermore, the gross data rate is

Teross = N/ (S - T). 2

In addition, extended Hamming codes are used, which
halves the data rate to the net data rate 74e = 0.5 - T'gross.
In the default setup (S =3, N =4, T = 2.56ms), net data
rate is e = 260 bit/s at a bandwidth of 25 kHz. However,
the maximum net data rate is currently rp = 2.35kbit/s
for S=1, N=6, T=128ms (37.5kHz bandwidth)
and 7y = 4.7 kbit/s without Hamming coding.

Figure 9 depicts data packets with 8 Byte payload and
different modulation parameters (default configuration in
Fig. 9¢). In all cases, the packet starts with a synchroniza-
tion with 16 preamble symbols and a four-symbol SFD (the
synchronization symbols have the same symbol length 7).
Afterwards, header and payload are transmitted. The packet
length and the used frequencies depend on the modulation
setup.

At the receiver side, the decision stage (cf. Sect. II-A)
combines S bit repetitions (S > 1). The firmware involves
two different methods (¢ in v,, (¢) is determined with the per-
packet synchronization):

1) Choose the bit with the highest correlation sum ~,, (%),

m € {1,2,...,25}.
2) Add up all correlation sums 7, (t) for a received bi-
nary 0 (m € {1,3,...,25 — 1}) and a received binary 1
(m € {2,4,...,25}). Choose the bit with the highest
value.
The first method enhances resilience against narrow-band
frequency cancellations, because the decision is based on a
single received frequency. Opposed to that, the second method
involves all frequencies and enhances the robustness against
noise (equally distributed over the bandwidth). In the default
setup the AHOI modem uses the first method.
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Figure 9: Data packets with 8 Byte payload and different modulation
parameters. In all cases, the packet starts with a synchronization with
16 preamble symbols and a four-symbol SFD. Afterwards, header and
payload are transmitted.

V. EXPERIMENTATION SETUP

The resilience against shipping noise and packet interference
was evaluated via simulation and in a real-world scenario. This
section describes the setups for both evaluations.

A. Simulations

A simulation was performed to assess the resilience against
ship and AUV noise. The noise for a 180 m cargo vessel with
15 knots and an AUV (cf. noise PSDs in Fig. 4b) were gener-
ated offline 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!, 200 kHz sampling). The signal generator simulated the
hydrophone voltage response for different PSDs, assuming a
frequency independent sensitivity of —208 dBV re 1pPa (cf.
FFVS in Sect. IV-B).

Thttps://www.tiepie.com/en/usb-oscilloscope, accessed: 2019/08/21
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Figure 10: PSDs of the simulated modem signals and addi-
tional shipping noise. The PSDs correspond to received signals
(packets or noise) with dm, dsip € {25 m,50m, 75m,100m} and
dauvv € {1m,2.5m,5m,10m} distance to the transmitter or noise
source. The modem uses the default modulation configuration.

The received signal strength was calculated with the path
loss. When the acoustic wave travels through the water, the
signal is attenuated. The path loss depends on the frequency f
and the distance d (in relation to a reference distance dg)
between sender and receiver. The attenuation is

L(d, f) = Lepe(d) + Lavs(d, f) 3)
=20-n-logyy (d/do) + (d —do) - a(f) dB  (4)

with spread loss L, and absorption loss Lqys. 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 a(f) models attenuation
in relation to the frequency. Different models are discussed
in [21], e.g. the Schulkin and Marsh formula. Assuming
test conditions from Sect. V-B, 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., Lgy (100 m) = 40dB.
Attenuation for short distances can be approximated with

L(d) ~ 201og;, (d/do) - ®)

With the help of Eq. (5) the simulated modem signal and
noise PSDs were calculated. Figure 10 shows the PSDs of
received packets at the receiver side (neglecting all prop-
agation paths besides LOS) for distances to transmitter
dm € {25m,50m, 75m, 100 m}. The modem PSDs in Fig. 10
exhibit the default modulation configuration and an average
transmission level of 150 dBre pyPa @1 m (cf. Sect. IV). All
evaluations used the same amplification factors.

During the simulations, different noise profiles were added
to the packets. The noise profiles were generated in accordance
to [23] and are also shown in Fig. 10. In both cases (ship
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Figure 11: Example for At = 0.5- T The packet (Pkt) from
My (ra(t)) received at ¢ =0 and from Mo (rar(t)) at
t = At = 0.5 - T The receiver receives the superimposed signal
r(t) = ran (t) + rasa(t).

and AUV noise), the noise sources were assumed as point-
sources and the path loss was calculated with Eq. (5) using
distances to the ship dgip € {25m,50m,75m,100m} and
davv € {1m,2.5m,5m,10m} to the AUV. The ship noise
was calculated for a 180 m long cargo vessel (and assumed as
a point source), which is larger than dg;p. In reality, the ship
noise sources are distributed over the ship hull and the received
signal level is lower. Opposed to that, AUVs are smaller and
the distances dayy simulates an integration of the receiver into
or near to an AUV.

For each combination of ship or AUV noise level and
communication signal strength, 500 transmissions were sim-
ulated (with 32 Byte payload per packet) with the default
modulation configuration. Afterwards, different modulations
were simulated with the lowest Signal to Noise Ratio (SNR)
combination (dsip = 25m and dy = 100 m).

In addition to ship and AUV noise, other underwa-
ter modems in a network could disturb the transmission
(cf. Sect. III-B). To evaluate the effect of packet interference
and the resulting Packet Reception Rate (PRR), the same
simulation setup was used. Instead of additional simulated
noise, a second recorded packet was added to the generator
samples. All packets carried 32 Byte payload and had a signal
duration in the default setup of T, = 1.3s, including the
synchronization symbols. During the simulation two modems
(M; and M) transmitted packets with different delays
At € {—1- Ty, —0.95 - Tpie, ..., 1 - Tpie } (Tpie depends on the
modulation). 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. Figure 11
depicts a graphical interpretation of At. The signal strengths of
the received packets are similar to the noise test (cf. Fig. 10).

B. Real-World Evaluations

The real-world evaluation took place at the Port of Harburg,
a small marina in Hamburg (cf. Fig. 12) on a 50 m jettie. It was
warm and windless day in September 2019. In all evaluations,
the hydrophones were placed 1.5 m under the water surface.
In addition, we measured temperature and salinity with a pro-



Figure 12: Test area of our real-world evaluation at a port in Hamburg.

fessional Sea&Sun Technologies CTD-48 probe’. The water
had a temperature of 19.3 °C and a salinity of 0.26 ppt. Based
on that, the speed of sound was approximately 1480.5m/s.

A real-world evaluation of the resilience against interference
has been carried out due to page limitations. However, a short
interference evaluation was already published in [17].

We used an Aquarian Audio AS-1 to produce acoustic noise.
Due to the smaller TVR (cf. Sect. IV-B) and higher vessel
noise (cf. Fig. 4b) at lower frequencies, the noise was filtered
with a HP filter with f, = 15kHz (the AHOI modem uses
the frequencies between 50kHz and 75kHz in the default
setup). The hydrophone with the noise signal was placed with
1m distance to the receiver and transmitted the noise of a
180 m cargo vessel (and assumed as a point source) traveling
with 15 knots and a distance of dgp ~ 50 m. The transmitter
was placed with dy = 50m distance to the AHOI modem,
which was the receiver. To evaluate lower SNRs with com-
munication distances near to dy = 100m (evaluation took
place on a 50 m jettie), the transmitted communication signals
was 6 dB damped (L (50 m) = 34dB and L (100m) = 40dB,
cf. Eq. (5)). The evaluation was done for different modula-
tion setups, which are listed in Table III. Every evaluation
250 packets with 32 Byte payload were transmitted.

VI. EVALUATION

This section presents and discusses the results of the simu-
lation and real world evaluation.

A. Simulations

At first, the resilience of the default modem configuration
against ship and AUV noise was evaluated. The AUV noise
affected the packet reception in a single case, and in the other
cases all transmitted packets were received. The combination
dauy = 1m and dy = 100m resulted in 99.8% received
packets (a single packet was not received). Furthermore,
Fig. 13 depicts the results of the shipping noise simulations.
In most cases, also the shipping noise did not affect the PRR.
However, the setup dgip = 25m and dy = 100 m resulted in
a PRR of 36.2%. In this case, the noise PSD is significantly
higher than the communication signal PSD (cf. Fig. 10a). As
a simplification during the simulations, the noise source was
assumed as a point source and dg;, was smaller than the
ship length (180m). In general, the ship noise sources are
distributed over the ship hull and the received signal level is
lower (cf. Sect. V-A). Based on the results, the default setup of
the AHOI modem is stable against AUV and shipping noise.

Zhttps://www.sea-sun-tech.com/product/multiparameter- probe-ctd-48/,
accessed: 2019/08/21

PRR (%)

Modem distance (m)
Figure 13: Results of the shipping noise evaluation with the mo-
dem’s default configuration. The simulated communication and noise
distances were dm, dsnip € {25 m, 50 m, 75 m, 100 m}. Each combi-
nation (respectively bar) 500 packet transmissions were simulated.

Additional, the setup with the lowest PRR in the default
configuration (dgip = 25m and dy = 100m) was used
to evaluate the noise resilience of different data modulation
settings. Table I lists the number of synchronizations, received
SFDs and packets, respectively the PRR, the average corrected
bits per Packet Reception (PR), and the PR per received
SFD for different bit repetitions .S, bits per symbol N,
hopping sequence lengths H, symbol lengths 7', and detection
schemes (best bit and summation of correlations). An extensive
explanation of these parameters gives Sect. IV-C. In every
setup, 500 packet transmissions were simulated with equal
amplification factors (in the default setup the amplification
results in a transmission source level of 150 dBre pyPa @1 m
with an AS-1 hydrophone).

The preamble and SFD symbols are independent of the
repetitions, number of bits per symbol and hopping scheme.
Based on that, preamble and SFD were equal in the first
cases with the same symbol length 7. Opposed to that, in
the last simulation the synchronization symbol length was
changed 7' = 1.28ms. Surprisingly, the number of syn-
chronizations and detected SFDs varied between 46.8 % and
67.4% (preamble in Table I), and 28.6 % and 46.8 % (SFD
in Table I) for the same symbol length and a low SNR?.
However, the comparison between the number of received
packts per detected SFD and the averaged corrected bit errors
per received packet gives a benchmark to compare the different
modulation schemes. The first setup in Table I lists the default
configuration of the AHOI modem. Compared to the default
detection algorithm (best bit), the summation of the correla-
tions, enhanced the PR per SFD from 77.4 % to 82.5 %. In the
presence of noise and without NLOS propagation paths, the
second detection algorithm was more resilient against shipping
noise. On the opposite, less bit repetitions reduced the PR per
SFD from 77.4 % (default, S = 3) to 46.8% (S = 2) and 0 %
(S = 1). Based on that, a higher repetition rate increased the
probability of a correct data reception. Less bits per symbol
enhance the power per transmission frequency and resulted
in 100% PR per SFD (N € {1,2,3}) compared to 77.4%

3We are aware of the lag in preamble and SFD detection. In presence
of high acoustic noise or strong multipath propagation, the synchronization
and SFD detection is the weak spot of our implementation. Currently, we
are working on different modulation schemes to improve the per-packet
synchronization [28], [29].


https://www.sea-sun-tech.com/product/multiparameter-probe-ctd-48/

Table I: Shipping noise results for different modulation setups and the lowest simulated SNR (dsnip = 25 m and dvy = 100 m). The table lists
the number of synchronizations (Preamble), the detected SFDs (SFD), received packets (PRR), the average corrected bits per received packet
(av. Err. / PR), and relation between received SFD and packet reception (PR / SFD). Every setup 500 packet transmissions were simulated.

S N H T Detection  Preamble
Default configuration

3 4 3 2.56ms best bit 65.0%
Different detection of bit repetitions

3 4 3 2.56 ms sum 67.4%
Bit repetitions

2 4 3 2.56 ms best bit 50.0 %
1 4 3 2.56 ms best bit 46.8%
Bits per symbol

3 3 3 2.56 ms best bit 56.0 %
3 2 3 2.56 ms best bit 65.2 %
3 1 3 2.56 ms best bit 56.8%
Hopping

3 4 2 2.56 ms best bit 66.0 %
3 4 1 2.56 ms best bit 63.8%
Symbol length

3 4 3 1.28ms best bit 68.4%

in the default setup (N = 4) and lower average corrected bit
errors of 0.3bit (N =3) and 0bit (IV € {1,2}) compared
to 5.4 bit (N = 4). Hopping is usually used to counter inter-
symbol interference in multipath environments. Unexpectedly,
without hopping (H = 1) the ratio between PR and received
SFD was enhanced. After an inaccurate synchronization, the
modem expects the data symbols at false positions in the
time domain (symbol frames). Without hopping, these frames
can include the following symbol with the same frequency
(cf. Sect. IV-C). Opposed to that, in the case of hopping
the frames include always symbols with different frequencies
(just for an inaccurate synchronization). Assuming an accu-
rate synchronization, hopping did not improve the resilience
against shipping noise. At last, a shorter symbol duration
(T = 1.28 ms) resulted in a 0 % PRR. However, packets were
received for smaller transmission distances (dgip = 25m, 500
transmission per setup):

e dvy =75m = 24.6 % PRR (32.6 % PR / SFD)
e dy =50m = 90.2% PRR (93.4% PR / SFD)
o dy =25m = 98.4% PRR (99.8% PR / SFD)

Based on the results, smaller a symbol length reduces the
resilience against noise.

The second evaluation simulated packet interference be-
tween two modems and different communication distances.
Figure 14 depicts the results for dy; € {25m,75m} in com-
bination with dyp € {25m,50m, 75m,100m}. During the
simulation, the overlap time At went from —Tp to Tpy in
0.05 - Tk steps.

The results of the evaluation are: (1) Without interference
(|At| = Tp) all packets from M; and My were received.
(2) In general, the first packet (w.r. t. the arrival at the receiver)
is received, also for the case that the second transmitter is

SFD PRR av. Err. / PR PR / SFD

46.8% 36.2% 5.4 bit 77.4%
44.6% 36.8% 3.7bit 82.5%
24.8% 11.6% 10.0 bit 46.8%
28.6% 0.0% — 0.0%
37.8% 37.8% 0.3 bit 100.0 %
40.0% 40.0% 0.0 bit 100.0 %
30.8% 30.8% 0.0 bit 100.0 %
44.2% 31.4% 5.5 bit 71.0%
42.4% 35.8% 4.5 bit 84.4%
21.6% 0.0% —_— 0.0%

nearer. (3) For the case At = 0 and dy; # dmo the packet
from transmitter with a shorter distance is received. (4) For
At =0 and dy; = du, the PRR goes to zero. (5) For some
combinations, the PRR from the first received packet (in all
cases, the first received modem had a larger distance than the
second one) goes to zero. In these cases, the signals had a
frequency cancellation (cf. [17]). Based on the simulation, the
default configuration of the AHOI modem is resilient against
interference in most cases. The resilience is independent of
the packet overlap and depends on frequency cancellations
between the packets.

Due to space constrains, the setup dy; = 25m, dyp = 50m
was used to evaluate the resilience against interference of
different data modulation settings. Table II lists overall
(At € {—1-Tp, —0.95 - Ty, ..y 1 - Tpie}) PRRs for M and
M. The first row (default configuration) is the summation
from the results in Fig. 14a (dy; = 50 m).

Based on the results for different modulation schemes,
the default setup has a proper resilience against interference.
The second detection algorithm of bit repetitions and the
configurations with less bit repetitions had approximately the
same PRRs. Surprisingly, for a bit repetition of S =2 the
PRR from My was 40.3 % (compared to 34.3 %). The overlap
time At was calculated w.r. t. the packet length. Different time
steps could avoid a frequency cancellation in a single time
step. A smaller frequency hopping length H results in less
used frequencies and enhance the probability of a frequency
overlap between M; and M at the same time. The PRRs
from M with a lower received signal level were reduced for
shorter hopping lengths. Based on that, hopping improves the
resilience against packet interference. At last, the resilience of
shorter symbols was evaluated. The overall PRR from M was
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Figure 14: Packet interference simulation between M; and Ms. The
time At is defined in Fig. 11. The received signal was calculated
w.r.t. dui € {25m,75m} and dw, € {25m,50m,75m, 100 m}.
Red bars show the PRRs from M and blue bars from Mo.

increased and from My decreased. Compared to the default
setup, M distorts the reception from My for At < 0. Hence,
more packages from M, were received.

B. Real-World Evaluations

During the real-world evaluations resilience against shipping
noise was evaluated. Transmitter and receiver were placed
with dy = 50m distance, and another hydrophone with 1m
distance to the receiver generated shipping noise. Opposed to
the simulations, additional multipath propagation distorted the
received packet. The results lists Table III.

At first, the default configuration was tested. During the first
evaluations (dy = 50m, with and without noise) the PRRs
were 99.2 %, respectively 100 %. However, at the second com-
munication distance of dy = 100m (50 m physical distance
and additional 6 dB attenuation) PRRs were reduced to 90.8 %
(without noise) and 41.2 % (with noise). Similar to Sect. VI-A,
in the most cases the synchronization or SFD detection failed.
The ratios between PR and detected SFD were 99.2 %, respec-
tively 100 %. Hence, the default modulation was stable against
shipping noise. Due to multipath propagation and additional
noise in the real-world evaluation, the PRR reduction (based
on failed synchronizations and SFD detection) occurred also
for the combination dy = 50 m, dsnip = 100 m opposed to the
simulations.

Afterwards, configurations with a different detection of
bit repetitions, fewer repetitions (S = 2), and less bits per
symbol (/N = 2) were used. Comparable to the simulations,
fewer repetitions significantly reduced the PRRs (also during
the evaluations without noise). Opposed to that, less bits
per symbol enhance the power per frequency, which resulted
in more correct receptions. Due to multipath propagation, a
reduction of the hopping length to H = 2 resulted in the

Table II: Interference results for different modulation setups. The
table lists overall (At € {—1 - Ti, —0.95 - Tixy, ..., 1 - Tpie}) PRRs
for M1 (dyi = 25m) and M3 (dymz = 50 m). For every overlap At,
modem, and modulation setup, 100 packets were transmitted.

S N H T Detection PRR M; PRR M-
Default configuration

3 4 3 2.56 ms best bit 53.7% 34.3%
Different detection of bit repetitions

3 4 3 2.56 ms sum 51.9% 35.2%
Bit repetitions

2 4 3 2.56 ms best bit 53.7% 40.3 %
1 4 3 2.56 ms best bit 53.7% 35.5%
Bits per symbol

3 3 3 2.56 ms best bit 53.7% 35.5%
3 2 3 2.56 ms best bit 55.0% 38.1%
3 1 3 2.56 ms best bit 53.1% 36.6 %
Hopping

3 4 2 2.56 ms best bit 53.7% 26.8%
3 4 1 2.56 ms best bit 53.7 % 10.0%
Symbol length

3 4 3 1.28ms best bit 63.5% 24.3%

lowest PRR per setup. Surprisingly, a shorter symbol duration
of T'=1.28 ms had the best PRR per setup. In this specific
setup, the synchronization and SFD detection worked much
better compared to the default configuration. However, this
depends on the situation, e. g., the arrival of the NLOS paths.

In sum, the real-world evaluation confirmed the simulations
from Sect. VI-A. Opposed to the simulations with a single
propagation path, additional paths distort the reception and
lowered the PRRs. However, the behavior and the findings
were the same.

VII. CONCLUSION

We showed with simulations and real-world evaluations that
the default data modulation of the AHOI modem is resilient
against ship and AUV noise in most cases. In addition, we
analyzed packet interference with simulations. In many cases,
the modem is resilient against packet interference.

Furthermore, different modulation schemes were tested to
enhance the resilience against noise and interference. Com-
pared to the default modulation setup, other configurations
enhance resilience. However, these configurations come with
the cost of a lower data rate.

Based on our findings, it will be possible to choose mod-
ulations for UWSNs or swarms of pAUVs equipped with
our AHOI modem. Additional, our evaluations are useful to
simulate the AHOI modem’s behavior in network simulation
tools to develop new MAC protocols.
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Table III: Real world evaluation results with and without shipping noise. The evaluation was done for dy = 50m and dy = 100m
(50 m physical distance and 6 dB attenuation at the transmitter, cf. Sect. V-B). In the case of shipping noise, another hydrophone produced
acoustic noise, which was equal to a 180 m cargo vessel traveling with 15 knots and a distance of dsnip ~ 50 m. The table lists the received
packets (PRR) and relation between received SFD and packet reception (PR / SFD). For every setup 250 packets were transmitted.

Detection dy = 50m
without noise

PRR PR / SFD

dy = 50 m
dship = 50 m

PRR

Default configuration

3

4 3 2.56ms best bit 99.2% 99.6 %

Different detection of bit repetitions

3)

4 3 2.56 ms sum 98.8% 100.0 %

Bit repetitions

2

4 3 2.56 ms best bit 60.4 % 63.4%

Bits per symbol

3

2 3 2.56 ms best bit 96.0 % 100.0 %

Hopping

3

4 2 2.56 ms best bit 29.6 % 30.0%

Symbol length

3
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