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Abstract: Autonomous Underwater Vehicles (AUVs) are becoming increasingly popular for large
number of civil and military applications, such as environmental monitoring, oceanography, archae-
ology, or mine warfare. Operational safety issue still prevents the exploitation of the full potential of
AUVs. Operations of AUVs are limited by constraints including the need to guarantee no collision
with manned surface vehicles. To avoid collisions, a solution is to relay surface vessel positions to the
AUVs by an underwater communication link. The communication must be optimized to establish a
robust and reliable link at various range and depth. Commercial underwater acoustic modems are
often dedicated for specific distances and bit rates with performances strongly dependent on the
environmental conditions. For the considered application, the modem must be adaptive at the time
and frequency selectivity of the channel which is varying according to the operation context. In this
work, we propose an adaptive underwater acoustic waveform optimized to exploit at the best the
time and frequency diversity the channel. To show the potential gain obtained by using diversity, the
performance of the designed modem is evaluated using theoretical and realistic underwater channels.
In addition, we propose a method for adapting the waveform based only on the knowledge of the
transmission geometry. Finally, the proposed modem is tested to relay Automatic Identification
Systems (AIS) picture of an area to AUVs.

Keywords: AUV; MC-SS; underwater acoustic communications; AIS; Doppler filter bank; security;
adaptive bit rate; 2D spreading

1. Introduction

Autonomous Underwater Vehicles (AUVs) are becoming increasingly popular for
a large number of civil and military applications, such as environmental monitoring,
oceanography, archaeology, or mine warfare [1]. Increasing the operational safety of AUVs
is necessary to fully explore their potential [2]. Operations of AUVs are constrained by the
need to guarantee no collision with manned surface vessels and a safe deployment and
recovery. An AUV might not be aware of a manned surface vessel passing just above it.
Thus, it is urgent to develop strategies to avoid such accidents.

The perception issue could be overcome if AUVs and vessels manage to communicate
easily. A way to exchange relevant information between these two entities is to use acoustic
modem. For example, through a reliable acoustic wireless communication link, AUVs
collect live data or exchange information data with ships or surface buoys.

One way to address this challenge could be to use existing modems. As an example, a
solution is to use JANUS North Atlantic Treaty Organization (NATO) standard [3] which
allows interoperability between users. Other modems of the literature could be also suitable
for our application. A state of the art is given in the next section.

However, in most cases, acoustic modems were designed around one specific appli-
cation that is defined by a communication range and conditions (relative speed between
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the transmitter and the receiver, number of sensors used) that can not respond to our
requirements. Additionally, our application needs to provide privacy for the link between
relay and AUVs, which may be not possible using commercial off-the-shelf modems.
These shortcomings represent the motivation behind this study and the proposition of a
private waveform.

For our application, the distance between the AUVs and the surface buoy can vary
a lot during a mission. The system should be able to adapt its characteristics to fit the
situation and keep a robust communication. That is why a modem designed to be as
flexible as possible is required.

Spreading spectrum is particularly well suited for flexible communications at different
ranges. By increasing the size of the spreading factor (SF), a processing gain can be added
making the communication robust at low SNR. Moreover, the knowledge of the spreading
sequence is required to communicate directly with the AUV creating a private and secure
communication link.

Multi-carrier spread spectrum MC-SS combines spreading and MC signal. In [4],
MC-SS was compared to orthogonal frequency-division multiplexing OFDM and DSSS
during at sea experiments. Adding a variable length spreading sequence to an orthogonal
OFDM signal, creates a flexible solution that provides frequency diversity, time diversity,
and adds a processing gain to transmit at various distances. In their results, MC-SS shows
better BER (bit error rate) at low signal to noise ratio SNR than both OFDM and DSSS. We
propose to extend the conventional MC-SS by a distribution of the spreading code in the
time and frequency domains to profit at the best of the channel diversity.

In this paper, a MC-SS with two-demensional (2D) spreading (MC-SS-2D) downlink
modem for AUVs applications is proposed. The analysis and evaluation of its performance
are provided. The optimization of the time/frequency allocation of the SS can be chal-
lenging. A method to optimize the time/frequency allocation of the spreading sequence
without knowledge of the channel state information is also proposed.

This paper is organized as follows. In Section 2, we provide a state-of-the-art of
commercial and academic underwater acoustic communication modems and motivate
the need to develop a new waveform for our application of relay surface vessel positions
to AUVs. In Section 3, we propose a MC-SS waveform with a (2D) spreading code. In
Section 4, we analyze the performance of the proposed waveform on theoretical simulated
channels and show MC-SS-2D is optimum to profit of the channel diversity. In Section 5, we
test the MC-SS-2D on realistic underwater channels recording at sea using the Watermark
benchmark. Section 6 is dedicated to the optimization and choice of the distribution of
the spreading code in time and frequency according to the knowledge on the geometry
mission. In Section 8, the proposed underwater acoustic modem is applied to relay AIS
signals to AUVs. Finally, we propose a conclusion.

2. Underwater Acoustic Communications

Acoustic communications enable the transmission of information over long ranges up
to tens of kilometers. Performance in terms of distance and bit rate depends on the carrier
frequency and bandwidth of the transducers. Available bandwidth is usually very limited
and the latency is large [5]. Underwater acoustic channel (UAC) is characterized with
time-variable multipath propagation [6] resulting in time and frequency selectivity. The
selectivity generates a loss of performance which can be reduced if diversity is used at the
receiver side. Combining several realizations of the same information transmits at different
times or frequencies allows a gain depending on the number of realizations considered. So,
long ranges communications need to repeat the information at the transmitter using for
example spreading codes or forward error coding inducing a loss on the useful bit rate.

Regarding the literature in underwater communications, performance of several
academic and commercial modems have been plotted on the Figure 1 in terms of bit rate
and ranges. Refs. [7–9] give references and description of different modems.
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Figure 1. Performance of academic and commercial modems.

Modems are often dedicated to a specific use for a given distance or bit rate. In our
application, the distance between ship or buoy and AUV may vary. It is required to define
a modem able to adapt its parameters to respond to this challenge. For that, we propose
to use a spread spectrum waveform which allows communications over short and large
ranges depending on the size of the spreading factor.

3. Proposed Underwater Acoustic Modem
3.1. Spread Spectrum Principle

The spread spectrum is a very well-known method used in communication. It refers to
a system originally developed for military applications, to provide secure communications
by spreading the signal over a large frequency band [10,11]. This system is built upon
the principle of transmitting information signals over a much wider bandwidth than
is strictly necessary for transferring the information. We use more bandwidth than the
original message while maintaining the same signal power. By transmitting over a larger
bandwidth, robustness against external narrowband interference is increased, since the
wider the bandwidth of any transmitted signal the lower will be the relative influence of
interference over a small part of the bandwidth.

3.2. Multi-Carrier Spread Spectrum

Depending on the target mission, in practice distance between the buoy and the AUVs
ranges from less than a kilometer to tens of kilometers. Thus, the modem needs to be able
to adapt its characteristics in such a way that the communication between the buoy and
the AUVs stays stable and reliable. MC-SS combines spreading and MC signal. Multiple
combinations of spreading and OFDM have been proposed [12–16].

To have both frequency and time diversity, the designed modem uses a 2D orthogonal
variable spreading factor (OVSF) with spreading code C [17]. Coding matrix C has a size
of Q×M where M designs the SF in the time domain and Q is the SF in the frequency
domain. Q must be a divisor of the number of subcarriers K. Thereby, I = K

Q Quadrature
phase shift keying (QPSK) symbols can be sent on 1 MC-SS-2D symbol.
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C =



c0 ... cm ... cM−1
...

...
...

cqM cqM+m cqM+M−1
...

...
...

c(Q−1)M ... c(Q−1)M+m cQM−1

 (1)

MC-SS-2D transmitter structure is shown in Figure 2, where d = [d0, . . . , dI−1] rep-
resents I QPSK symbols for 1 MC-SS-2D symbol, K is the number of subcarriers and
s = [s0, . . . , sK−1] is a scrambling code.

Figure 2. MC-SS 2D transmitter structure.

To better understand how the waveform is created, let us use an example with:

• K = 12;
• Q = 4;
• M = 4;
• I = 3.

As one can be shown in Figure 2, QPSK data symbols d = [d0, . . . , dI−1] are first
repeated Q times. Repetition is performed by creating a matrix where each QPSK symbol
is diagonally repeated Q times as illustrated with the example in Figure 3.

Figure 3. Example: QPSK symbols repetition for MC-SS-2D.

Then, spreading is realized by multiplying by the matrix C. Result of this operation is
illustrated in Figure 4.
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Figure 4. Example: spreading in MC-SS-2D.

A frequency interleaver is then applied. Interleaving is used to maximize the distance
between two chips of the same QPSK symbols in the frequency domain (the distance
between two symbols d0 in Figure 5 for instance) and, therefore, to increase the frequency
diversity. Indeed, frequency diversity is present if channel coefficients affecting two chips
of the same data symbols are independent. As shown in Figure 5, the separation in the
frequency domain between each chip from the same QPSK symbol is maximized and equal
to I = K

Q .

Figure 5. Example: frequency interleaving in MC-SS-2D.

Finally, the spread symbols are scrambled with a complex sequence s before being
modulated on different subcarriers using inverse FFT. Each subcarrier is multiplied by
one chip of the scrambling code. With this scheme, the SF can be modified in both time
and frequency domains giving this scheme flexibility in how it uses time and frequency
diversity. Furthermore, setting M = 1 or Q = 1, scheme of the MC-SS waveform with
spreading only in the frequency domain or time domain is obtained. If both M and Q are
equal to 1, an OFDM waveform is obtained.
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Figure 6 represents the corresponding receiver structure. After FFT, received signal
for 1 MC-SS-2D symbol is given by:

rk,m = dk%Icb k
I cM+msk h̆k,m + wk,m (2)

where k ∈ {0, . . . , K− 1} is the subcarrier index and m ∈ {0, . . . , M− 1} is the time index
representing all OFDM symbols for 1 MC-SS-2D symbol, % is the modulo symbol and
bc is floor function. Function h̆k,m is the frequency response of the channel affecting one
subcarrier and wk,m is an additive noise.

Figure 6. MC-SS 2D receiver structure.

To retrieve QPSK symbols, five steps are needed. First, received signal is multiplied
by conjugate of the scrambling code. Then, to perform the despreading process, each
subcarrier is multiplied by the conjugate of the correct spreading code. Before summing in
frequency and time to despread the signal, subcarriers are reordered and equalized. Like in
OFDM, equalization is performed by multiplying each subcarrier by conjugate of channel
frequency response. A least-square estimation based on comb type pilot arrangement [18]
is used. QPSK pilots are allocated in both time and frequency according to the half time
and bandwidth coherence. Finally, despreading is performed in the frequency domain
by summing Q subcarriers and in the time domain by summing M consecutive OFDM
symbols.

Moreover, a method to detect the signal, synchronize it and estimate the Doppler
factor is used. This method is described in Appendix A.

4. Simulations on Block Fading Rayleigh Channels

The MC-SS-2D waveform was tested and compared to the MC-SS waveform on a
multipath Rayleigh block fading channel. Although this channel is not representative of an
UAC, it is helpful to compare the modem performances with theoretical BER and assure
the proposed solution reaches the better performances.

A MC-SS-2D is composed of M OFDM symbols. For each OFDM symbol, an impulse
response is generated independently from other impulse responses. One impulse response
is composed of `h independent coefficients generated at chip time where each coefficient
represents a path and its magnitude in time follows a Rayleigh distribution. Knowing the
distribution of the channel, the theoretical error probability can be derived. It corresponds
to the probability error on a Rayleigh channel using a diversity of L. Therefore, according
to [19]:

Pe =
[

1
2

(
1−

√
γ

1 + γ

)]L L−1

∑
`=0

(
L− 1 + `

`

)[
1
2

(
1 +

√
γ

1 + γ

)]`
(3)
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For the simulations on the Rayleigh block fading channel, different SFs have been
tested. A 2D OVSF spreading code [17] was used for the MC-SS-2D waveform. MC-SS-2D
and MC-SS were both simulated with channel knowledge and channel estimated with a
least-square estimation using dedicated subcarriers as pilot.

With channel knowledge, MC-SS-2D performances are equivalent to Equation (2) as
displayed in Figure 7. Results shows that MC-SS-2D and MC-SS have similar performances
with a small SF as seen in Figure 7. However, as the SF increases, MC-SS-2D shows better
results by distributing its chips in both frequency and time domain. Indeed, with a large
SF, distance between two chips of the same data symbol for the MC-SS waveform becomes
smaller than the coherence bandwidth impacting the frequency diversity. MC-SS-2D solves
this issue thanks to its flexibility. The proposed modem reaches the optimum performances
when spreading is well distributed in the time and frequency domains.

Figure 7. Simulation results over an 8-path Rayleigh block fading channel with a SF of L = 8.

5. Simulations Using Realistic UAC (Watermark)

To test the modem and compare the performances of different parameters, watermark
channels were used [20]. Watermark is a benchmark for UAC that offers different realistic
acoustic channels to test a communication system. Channel generated by watermark are
created using real measured channels to faithfully reproduce their effects. Watermark
channels are time and frequency selective. In the Watermark database, two selected
scenario NOF1 (Norway Oslofjord) and NCS1 (Norway—Continental Shelf) channels have
been considered to evaluate the performance of the proposed modem.

Different configurations of the modem were tested on the NOF1 channel. The modem
is using 256 subcarriers and a 4 kHz passband with no channel coding and no pulse shaping
filter. An OFDM symbol lasts 80 ms with a chip rate of 4 ksymb/s.

In Figures 8 and 9, Es denotes the energy per chip symbol which includes both the data
and pilots, N0 is the noise power spectral density. Results reported in Figures 8 and 9 were
obtained by averaging the BER (bit error rate) over 300 realizations of the NOF1 channel.
Each realization is a 30-s time and frequency selective channel. The signal goes five times
through each 30-s channel of the 60 available. BER is calculated for each realization, and
only the average over all realizations is shown. No channel coding for error detection and
correction were used. Each modem has a 4 kHz bandwidth. OVSF and Gold sequences
were used respectively for the spreading and scrambling process. Performances of the
proposed modem is compared to an OFDM modem using 256 subcarriers and an LS
estimation with half of its subcarriers being pilots.
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Figure 8. BER vs. Es
N0 for a communication on NOF1 channel (frequency passband: 10.5 kHz–14.5 kHz).

Figure 9. BER vs. Es
N0 for a communication on NCS1 (Norway Continental Shelf) channel [20]

(frequency passband: 10.5 kHz–14.5 kHz).

Watermark channel can be very selective in frequency and time domain. For instance
the NCS1 channel has a half coherence time of 100 ms meaning that each OFDM sym-
bol (80 ms) needs its own pilots to properly estimate the channel frequency response.
Parameters of the simulation are summarized in Table 1.

Table 1. Signals description.

Q × M Bits in 1 MC-SS-2D User Bit Rate

MC-SS-2D 2 × 4 128 400 bps
MC-SS-2D 4 × 4 64 200 bps
MC-SS-2D 4 × 8 64 100 bps

OFDM 1 256 3200 bps

As can be observed, increasing SF makes system more resilient to noise, hence im-
proving BER at low Es

N0 . Depending on transmission conditions, greater SF may be used.
However, increasing SF reduces the throughput of the modem meaning a packet will take



Appl. Sci. 2022, 12, 4166 9 of 15

longer to be sent. Furthermore, in Figure 8, 2 MC-SS-2D modems have a SF of 32 but
different performances. Indeed, unlike to NCS1 channel, NOF1 channel varies slowly in
time reducing the impact of time diversity. Therefore, a greater SF in frequency domain
brings better results. However, SF in frequency domain is limited by number of subcarriers
and the passband. These results show the robustness of the designed modem. In addition,
SF can easily be modified to change the processing gain and adapt to SNR and range. Such
characteristics are interesting for AUVs applications. The distribution of the SS in the time
and frequency domains can affect the performances of the modem and its optimization is
important and challenging.

6. On the Optimization of the Time/Frequency Allocation of the Spreading Code

One of the key point of the proposed modem is to use spreading in time and frequency
to improve the robustness and create a flexible design that uses time and frequency diversity.
However, choosing the best time/frequency allocation can be a challenging task.

Many approaches can be used to optimize/adapt the parameters of the modem to the
channel. Usually, some kind of channel knowledge is supposed at the transmitter. This
knowledge is often obtained through a feedback link [21–24]. Although this approach
can be efficient, it is energy costly. Furthermore, for some underwater communications
applications, a feedback link can be hard to implement, expensive, and might not be feasible
over long range communication [25]. In the proposed application, acoustic communication
over tens of km are envisaged. For our use case, the hypothesis of some kind of channel
knowledge by the use of a feedback link is not appropriated and will not be considered.

Another approach consists of simulating a channel based on information on the com-
munications environment, such as the communication range, the relative speed between
the transmitter and the receiver and the water depth. This approach was used in [26].
Currently, AUVs are used for planned missions. In that case, the needed information to
simulate the channel can be easily obtained beforehand. Therefore we will assume the
knowledge of the following information:

• Communication range;
• Depth of water;
• Depth of transducers;
• Relative speed between emitter and receiver.

Choosing the Allocation of the Spreading Code

Optimizing the time and frequency allocation of the spreading code means to exploit
as best as possible the time and frequency diversity of the channel.

In order to achieve this result, we first must estimate the selectivity of the channel
that is the time and the bandwidth coherence. The time coherence Tcoh and the bandwidth
coherence Bcoh, respectively, depends on the Doppler spread ∆ f and the delay spread ∆t of
the channel.

Tcoh =
1

∆ f
(4)

Bcoh =
1
∆t

(5)

As mentioned before, the diversity of the channel is exploited when two chips of
the same data symbol are affected by independent coefficients of the channel. Since an
interleaver is used in the frequency domain, the frequency spacing between two chips
depends on the bandwidth Bp used and the SF in frequency Q. It is defined as:

δchips =
Bp

Q
(6)

For perfect exploitation of the frequency diversity, Q must be chosen so δchips > Bcoh.
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We have less control over the exploitation of time diversity. Unlike frequency spread-
ing, no interleaver is used in the time domain. Therefore, to exploit the time diversity, the
time gap between two chips must be greater than Tcoh. In order to estimate the value of
∆ f and ∆t, we use a channel simulator, such as in [26]. The overall process is presented in
Figure 10.

Figure 10. General process for allocating the spreading sequence in the time and frequency domain.

As presented in Figure 10, the previously mentioned information on the environment
are used to simulate the channel and compute a budget link of the communication. The
budget link is computed using the communication range, the passband used and UAC
attenuation models, such as the Thorp model [27]. With the budget link a total spreading
Q×M can be determined. A channel simulator based on ray tracing method can be used
to obtain a simulated Doppler spectrum and power delay profile. Using the Doppler
spectrum and power delay profile, one can, respectively, estimate ∆ f and ∆t. Finally, the
total SF can be allocating in time and frequency to match as best as possible the coherence
time and coherence bandwidth.

7. Underwater AIS Relay
7.1. Automatic Identification System

Automatic Identification System (AIS) is a tracking system based on reports provided
by the ships carrying an AIS transponder. This navigation aid system is originally designed
for maritime safety (collision avoidance) and communications between ship and shore,
or between different ships. Even only giving indications on a portion of maritime traffic,
this self-reporting system is a worldwide standard and, therefore, a coherent source of
information for global traffic analysis. More precisely, this broadcasting system can receive
the navigation information form other ships or vessels and meanwhile broadcasts own
ship’s states at a certain time interval. This time interval varies with types of the AIS
and navigation states of ships. The ships regularly exchange information, such as their
positions, identity, and navigation status.

Differently than other operational coastal active systems for maritime surveillance,
AIS is characterized by considerable coverage (VHF propagation) together with a relatively
accurate positioning performance [28,29]. AIS standard is defined by International Associ-
ation of Marine Aids to Navigation and Lighthouse Authorities (IALA) and International
Telecommunication Union (ITU) [30].

According to AIS standard, ships have to send their positions at a rate according to
their kinematic from one packet every 2–10 s while moving to 3 min at anchor. Ships will
also send other information, such as identity or shipment’s type.

There are currently 27 different existing messages types among the 64 possibilities. A
time slot is 26.67 ms long with 256 bits meaning that the raw bit rate (BR) of AIS is 9600 bps.
One message can use one up to five time slots to be sent. An AIS time slot is shown in
Figure 11. The size of the data field can vary depending on the number of times slots used.
In Figure 11, the structure is faithful for a message using one time slot.
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Figure 11. AIS data packet structure.

7.2. Description of the Application

Since GPS signals cannot be received underwater, AUVs need to surface to calibrate
their navigational devices. To avoid collisions with ships during the surfacing process,
AUVs need to know the position of ships. A solution to this problem is to communicate the
positions of ships to AUVs. Fortunately, ships often communicate their positions and other
information through the AIS. This system is used to avoid collisions between ships and
survey the maritime traffic. Therefore, it makes sense to extend it to underwater vehicles,
such as submarines and AUVs.

By having a surface buoy or a ship, it is possible to collect data about the surrounding
ships and then forward them to the AUV fleet. Extending AIS to submarines has already
been proposed as an application of JANUS protocol [31,32]. JANUS aims to enable com-
munication between heterogeneous devices by using a common protocol and is, therefore,
used to integrate the AUVs and submarines into the AIS system. Using this protocol, any
ship can communicate with the AUVs. In some scenarios where we want to secure the
integrity of the AUVs as much as possible, it may be preferable to separate the AUVs
from the AIS system and create a private communication link between the AUVs and a
trusted buoy.

7.3. Reducing the Load for Underwater Communications

An underwater acoustic channel is characterized at least by three major factors: an
attenuation proportional to the signal frequency, time-varying multipath and low speed of
propagation (c = 1500 m·s −1) inducing greater multipath and Doppler effects [6]. Due to
properties of channel, its capacity is limited at large distances, the raw BR of the modem
will be quite low (a few hundred bps at tens of kilometers). Therefore, it is not possible to
simply relay all AIS messages to the AUVs. Messages must be compressed to obtain the
target BR without loss of important information. To reduce the amount of data, one has
to select the relevant information. The goal is to reduce the collisions likelihood between
submarines and ships. Therefore, information, such as the type of shipment or origin of
ship, are not needed. The important information are:

• Latitude, longitude for the ship position;
• Maritime Mobile Service Identity (MMSI) for identification purpose and, thus, differ-

entiating the vessels;
• Course and speed of the ship to predict its path.

All these information are all contained in five different messages types (1, 2, 3, 18,
and 19) [30]. Latitude, longitude, MMSI, course over ground and speed over ground are
coded, respectively, on 27 bits, 28 bits, 30 bits, 12 bits, and 10 bits. Hence, by extracting only
these information, we need to send 107 bits instead of the 256 bits of the time slot. Further
improvements on the load to relay can be made on some fields. As said previously, the
main goal of the application is to reduce the risk of collision for AUVs. AUVs only need to
know the location of surrounding ships. Hence, we can reduce the size of MMSI, latitude,
and longitude fields without any accuracy lost.

The MMSI is coded on 30 bits and can, therefore, identify a lot of ships. However,
during a mission, the area covered by the AUVs will be quite ’small’ compared to earth
scale, a few tens of kilometers for instance. Being able to identify a lot of ships is not needed.
However, MMSI also contains information, such as country of ship. It might be interesting
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in some applications to create classes of vessels. Still, with a 10 bits long identifier, it is
possible to create 8 classes of 128 boats each which should be enough for most applications.

Since the covered area is limited, the latitude and longitude can be reduced without
losing position accuracy. The most significant bits will remain the same for a given area.
Therefore, they carry no information and can be removed without affecting the accuracy
of the position [33]. Analysis of a lot of real AIS messages collected at shore in Brittany
(France), show that only 21 bits can be used for both latitude and longitude.

Through the described methods, 182 bits of the 256 bits can be saved by message for
messages types 1, 2, 3, and 18 giving a compression ratio of 3.46. Further compression
could be achieved but at the cost of localization accuracy loss. It would be interesting to
study the accuracy needed for AUVs and how it impacts the surfacing time of AUVs.

Reducing the payload to relay is important to increase the number of ships the modem
can handle. Even with these improvements, the BR difference between AIS and underwater
communication stays important. Indeed, an underwater modified AIS packet may take
more than 1 s to be transferred depending on the parameters. For example, with Q = 4 and
M = 8, the modem needs 1.28 s (2 MC-SS-2D symbols) to send 1 AIS packet. Presented
watermark simulations can be used to analyze the performances of the modem in that
scenario. Considering an AIS packet has 74 bits, the packet error rate (PER) can be measured.
One packet will be a round number of MC-SS-2D symbols with at least 74 bits. Table 2
shows the PER at an SNR of 3dB for different configurations and with no channel coding.

Table 2. Packet error rate at an SNR of 3 dB.

Q × M 4 × 4 4 × 8 8 × 4 8 × 8 OFDM

NOF1 channel: 0.058 0.006 0.0003 0 1
NCS1 channel: 0.753 0.302 0.237 0.031 1

This table confirms the performance results of the Figures 8 and 9. Using a spreading
factor SF = 32, the configuration 8× 4 is better than 4× 8 because it reduces the bit error rate
and packet error rate for NOF1 channel. For NCS1 channel, performance is rather similar
whatever the configuration. Increase the spreading factor improves the performance.
OFDM is not able to provide a reliable link on these channels for the considered SNR.

8. Conclusions

In this paper, a modem designed for AUVs applications is proposed. This modem
combines multi-carrier signal and 2D spreading. A variable length spreading sequence
combined with OFDM creates a flexible design that uses frequency diversity, time diversity,
and adds a processing gain to transmit at various distances. The modem was tested using
realistic channels of the watermark benchmark. Results shows the effectiveness of SF to
improve the error rate at low Es

N0 . In addition, by choosing a SF according to the coherence
bandwidth and the coherence time of the channel the BER can be further improved. A
method to choose the time/frequency allocation of the SF is also proposed. Robustness and
adaptability of the modem is interesting for AUVs applications where the communication
needs to be reliable even if the communication range varies. A possible application where
the modem is used to relay AIS data to AUVs is presented. Further potential improvements
for this modem, such as short length channel coding and reducing the number of pilots
are being looked upon. Furthermore, using a platform like IROMI [34], the modem will be
tested at sea.
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Appendix A. Doppler Estimation

In UAC, the Doppler deeply affects the received signal. Unlike radio communications,
in UAC, Doppler not only creates a shift of the carrier frequency but also a time compres-
sion/dilatation [35]. Doppler d for a constant speed v between transmitter and receiver can
be approximated by:

d = 1− v
c

(A1)

The method described in [35,36] allows one to jointly estimate the Doppler, detect, and
synchronize the signal. This method uses a pilot signal and a bank of matched filters. Each
filter in this filter bank is a unique time compression/dilatation of a pilot signal. Hence,
each filter is matched to a pilot signal affected by one possible Doppler shift.

Theses filters can be created by resampling the pilot signal. Let s0(t) be the OFDM
pilot signal:

s0(t) = exp(j2π f0t)
(N−1)

∑
(n=0)

q(n)0 exp(j2πnBt)g(t) (A2)

where N is the number of subcarriers, q(n)0 is the nth symbol, B is the subcarrier spacing,
g(t) is the pulse-shaping filter and f0 is the non-centered carrier frequency. Once affected
by a Doppler shift d = 1− v

c , it becomes:

s0(t, v) = exp(j2π f0td)
N−1

∑
n=0

q(n)0 exp(j2πnBtd)g(td) (A3)

Matched filters of s0(t, v) are created.
By correlating the filter bank with the received samples, Doppler can be estimated

as equal to the compression/dilatation of the filter with the maximum correlation peak.
Figure A1 shows the simulated result of the correlation between an OFDM signal affected
by a Doppler shift and a bank of filters.

In Figure A1, R(u, v) is the result of the cross-correlation between the filters and the
received signal. It depends on the delay and the relative speed v used to create the filters.

R(u, v) can be defined as followed:

R(u, v) =
∫

s0(t− u0, v0)s∗0((t− u), v)dt (A4)

where u0 and v0 are the delay and Doppler speed affecting the sent pilot signal s0(t).
In Figure A1, a high correlation peak between the received signal and the filter

simulating a 3 m·s−1 Doppler shift is present. Two lobes can be seen. They are the result of
the cyclic prefix correlation. The estimated Doppler shift is the one used to create the filter
giving the highest correlation peak.
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Figure A1. Bank filter simulation result R(u, v) (Passband 16–20 kHz, v0 = 3 m/s, u0 = 0.1 s), AWGN
channel.

Once estimated, Doppler is compensated by resampling the signal. This maximum
correlation peak can be used for synchronization but also for detection by comparing it to
a threshold defined by CA-CFAR (Cell Averaging Constant False Alarm Rate) method [37].
The pilot signal is generated in a similar way as the data signal and is, therefore, a MC-SS
symbol with M = 1. To increase its difference with the data signal, a distinctive scrambling
sequence is used for the pilot signal. The frame structure is a pilot signal followed by
MC-SS symbols. Using this method, the range of Doppler speeds that can be estimated
depends on the filters used and the Doppler speed they simulate. The modem proposed
here can estimate a Doppler speed v up to ±10 m·s−1.
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