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Abstract: Autonomous underwater vehicles (AUVs) are efficient tools to explore oceans. Communication is a fundamental
function of AUVs, therefore the development of underwater acoustic modems has drawn a great deal of attention. In this paper,
the design and implementation of an underwater multimode acoustic modem for AUVs is presented. The modem contains two
types of demodulations, noncoherent and coherent demodulation. Furthermore, a power selection strategy is integrated in the
modem to fulfill the requirements of AUVs. We have experimentally evaluated the modem prototype in the lab and field.
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1 Introduction

AUVs are efficient tools to explore oceans [1], particu-

larly in unapproachable and unpredictable areas, AUVs are

expected to complete various tasks, such as underwater map-

ping, search and rescue operations, and so on. The acoustic

communication capability is in demand for autonomous un-

derwater vehicles (AUVs) to send data, receive commands

and cooperate with others. Compared with wired communi-

cations, the wireless acoustic communications enable AUVs

working more flexibly and covertly. Thus, acoustic modems

implemented communication algorithms and network proto-

cols is one of the core equipment for AUVs.

In recent years, various hardware implementations of un-

derwater acoustic modems are available [2]. Demirors et

al have proposed a software defined acoustic modem (S-

RAM) which is based on universal software radio periph-

eral (USRP) [3, 4]. In [5], H.Yan et al realized a digital

signal processor (DSP) based orthogonal frequency division

multiplexing (OFDM) modem for high-data rate underwa-

ter acoustic communications. The MicroModem develope-

d by the woods hole oceanographic institution (WHOI) has

phase-shift keying (PSK) and frequency-hopped frequency-

shift keying (FH-FSK) modulations [6, 7]. An reconfig-

urable underwater acoustic modem (r-modem) has been de-

veloped with a flexible physical layer in [8].

The goal of this paper is the development of an underwater

acoustic modem to be equipped with AUVs. Energy-limited

AUVs require the modem to be small and energy-efficient.

Since AUVs execute tasks in various environments, various

modulation schemes are required to be integrated in the mo-

dem. The modem is implemented on OMAPL138, which is

a low-power processor based on an ARM and a DSP core.

The power selection strategy is implemented on the ARM

part, while the digital signal processing is implemented on

the DSP part. Since the underwater acoustic communication

is challenging and complex, both noncoherent and coheren-

t scheme are integrated on the modem to deal with doubly

selective underwater acoustic channels [9, 10]. For the non-

coherent scheme, multiple frequency-shift keying (MFSK) is
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selected for its proved robustness in low-data rate underwa-

ter acoustic communications [11]. For the coherent scheme,

OFDM techniques [12] combined with quadrature phase-

shift keying (QPSK) and quadrature amplitude modulation

(QAM) has been adopted in the modem to build a high-data

rate communication link by efficient bandwidth utilization.

In order to address the power-hungry problem in AUVs, an

adaptive power control strategy is proposed. Making use of

the feedback from the receiver, the transmitter selects the

minimum power that can achieve reliable communication.

Finally, we describe experiments conducted in Qiandao lake

and an anechoic tank and show several experiments results

of the modem prototype.

2 Modem Development

This section is divided into four parts: hardware platform,

communication modules, signal structure, power selection

strategy. The communication modules and signal structure

are implemented in the DSP part of the hardware, while the

power selection strategy is executed on the ARM part.

2.1 Hardware Platform
The hardware platform block diagram of the prototype is

depicted in Fig. 1. The modem is implemented on a small

and low-cost platform named OMAPL138, which is suitable

for carrying and integrating into other underwater equip-

ment. The OMAPL138 which consists of an ARM926EJ-S

core and a C674x DSP core is the heart of the modem [15].

The high-speed digital signal processing including modu-

lation and demodulation, encoding and decoding, synchro-

nization and so on are implemented on the DSP part of the

OMAPL138. The ARM part is in charge of interaction with

external devices such as control units of AUVs by TCP/IP

protocol as the modem has provided an ethernet port. The t-

wo processors communication with each other by the shared

random access memory (RAM). The modem board is shown

in Fig. 2(a). Fig. 2(b) shows the transducer which transform-

s electric signals into acoustic wave. The transducer which

could either receives or transmits signals operates in the 11-

14 kHz frequency band.

2.2 Communication Modules
The modules of the transmitter and receiver implement-

ed in the prototype are depicted in Fig. 3(a) and Fig. 3(b),
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Fig. 1: The hardware platform block diagram of the modem

(a) The modem board

(b) The transducer

Fig. 2: Prototype of the acoustic modem

respectively.

In the transmitter, the source data are encoded by the con-

catenation code of rate-1/2 convolutional code and rate-1/3

hadamard code to help error detection and correction for re-

ducing BER. Moreover, cyclic redundancy check (CRC) and

interleaved coding are utilized to ensure correctness of the

data. The encoded data is modulated and the preamble is

added as discussed in Section 2.3. Upsampling and pulse

shaping are essential to make the transmitted signal fit in the

effective bandwidth. A square-root-raised-cosine filter is ap-

plied for pulse shaping block to minimize intersymbol inter-

ference. The up conversion block is to convert the baseband

to the passband signal for digital to analog converter (DAC)

block.

In the receiver, opposite processes are carried out to

deal with the signal, excluding detection and synchroniza-

tion. In the detection and synchronization block, the en-

ergy of signals is calculated to test whether the signals ar-

rive. The preamble is used to synchronize the frames by

cross-correlation. The location of maximum correlation val-

ue shows where the preamble is. Moreover, the viterbi algo-

rithm [13] is utilized for the decoding of convolutional code.

2.3 Signal Structure
Fig. 4 shows the structure of a data frame, which is di-

vided into three parts: the preamble, the space time and the

data payload. The preamble which is used for detection and

synchronization is a short sequence. In the modem, the lin-

ear frequency modulated (LFM) signal, more commonly re-

ferred to as the chirp signal, is selected for the preamble

due to its good autocorrelation properties. The guard time

is added between the preamble and the data payload in order

to ensure that the preamble does not affect the data payload

due to multipath channels. Both the noncoherent and coher-

ent scheme can be selected for the data payload. For non-

coherent scheme, MFSK, which is a traditional modulation

mode with the lowest data rate and the greatest robustness is

utilized. For coherent scheme, OFDM modulation combined

with QPSK, QAM16 and QAM64 can be selected. In OFD-

M modulation, the symbol duration is long compared to the

multipath spread of the channel, because the available band-

width has been divided into a large number of orthogonal

subbands. Thus, OFDM has advantages to combat frequen-

cy selective fading and enable high rate transmissions.

Each of OFDM symbols consists of two parts: the cyclic

prefix (CP) and the data payload. The CP helps to eliminate

the ISI and facilitates the easy equalization. Moreover, re-

ceived signals are equalized by pilot subcarriers through the

least-squares (LS) algorithm. One of the four modulation

schemes can be selected to modulate the source data accord-

ing to the channel condition. The basic parameters for the

CP-OFDM are listed in Table. 1. The corresponding data

rates for the four transmission modes are listed in Table. 2.
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Fig. 4: A frame

Table 1: CP-OFDM Parameters
DAC sampling rate fs = 200 kHz

Center frequency fc = 12.5 kHz

Bandwidth B = 3 kHz

Subcarrier spacing Δf = 25 Hz

Symbol time Ts = 40 ms

Duration of the CP Tcp = 8.125 ms

Number of subcarriers K = 256

Table 2: Transmission Rate of Each Modulation Mode
Modulation mode MFSK QPSK QAM16 QAM64

Transmission rate(bits/s) 208 1230 2480 3730

2.4 Power Selection Strategy
Because AUVs have limited power and cannot be easi-

ly recharged underwater, the power-hungry problem is se-

vere. Thus, how to find an appropriate communication pow-

er to balance communication performance and energy con-

sumption should also be considered. We implement a sim-

ple media access control (MAC) protocol that can support
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(a) Transmitter structure

(b) Receiver structure

Fig. 3: Structure of the underwater acoustic modem

the power selection strategy for the acoustic communica-

tions between two modems. The MAC protocol allows the

TX node to receive a binary chirp spread-spectrum (B-CSS)

signal from the RX node for feedback [3, 14, 16]. The B-

CSS signal is reliability and robust in severe multipath and

Doppler effected underwater acoustic channel. The up-chirp

feedback signal requires the TX node to increase the power.

On the other hand the down-chirp feedback signal requires

the TX node to reduce the power. The feedback continues,

until an appropriate communication power is found.

Fig. 5 depicts the power selection strategy between 2 sta-

tions via B-CSS signal.

1) Start with an initial modulation mode mod, initial trans-

mission power Pinit and step Pstep.

2) Set the valid range of signal to noise ratio (SNR) for every

modulation. Define i(mod, low) and i(mod, high) as the

lowest and highest SNR for mod, respectively.

3) The transmitter sends data via Pinit.

4) The receiver estimates the SNR of received signals as

rSNR. If rSNR < i(mod, low), the receiver feed-

backs an up-chirp signal to the transmitter. If rSNR >
i(mod, high), the receiver feedbacks a down-chirp sig-

nal. If i(mod, low) ≤ rSNR ≤ i(mod, high), the re-

ceiver doesn’t feedback chirp signals.

5) The transmitter detects chirp signals via cross-

correlation. If the up-chirp signal is detected, the

power will be increased as Pinit = Pinit + Pstep. If

the down-chirp signal is detected, the power will be

decreased as Pinit = Pinit − Pstep.

6) Turn to the third step.
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Fig. 5: The power selection strategy

3 Experimental Results

In this section, we test communicating functionalities of

the modem in Qiandao lake. Besides, we also discuss the

modem’s BER performance experimented in an anechoic

tank.

3.1 Qiandao Lake Experiments
Fig. 6 shows that we test communication function of the

modem in Qiandao lake. The distance between the transmit-

ter and receiver is 100 meters, the depth is 2 meters. Text

messages, such as “hello underwater world” are transmitted

and received successfully by MFSK modulate. The coherent

demodulation can work only if the distance is less than 10

meters.

Fig. 6: Functional tests in Qiandao lake

3.2 BER Performance
The performance of the modem is evaluated by the ex-

periments conducted in an anechoic tank with the size of

20 × 8 × 8 m3. The distance between two transducers is

10 m at the depth of 3 m. We change the SNR through pow-

er adjustment and calculate the BER during the experiments.

The SNR is given by

SNR = 10 log(Ps/Pn) (1)

where Ps is the power of the signal and Pn is the power of

the noise.

Fig. 7 depicts the received signal in time and frequency

domain after QPSK modulation while SNR is 4.9 dB. The

transmitted preamble and the guard interval could be clearly

identified. In this experiment, we estimate the SNR of the

received signal through the difference of the signal segment

and the noise segment in the signal strength. Specifically, let

us denote s[n] as the received signal during the signal trans-

mission, and w[n] as the received signal during the silent
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(a) Received signals in time domain
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(b) Received signals in frequency domain

Fig. 7: Received QPSK signal

period.
Ps

Pn
is calculated as

Ps

Pn
=

E{|s[n]|2} − E{|w[n]|2}
E{|w[n]|2} (2)

The experimental results are presented in Fig. 8. Fig. 8(a)

shows the BER while the modulation mode is MFSK and

QPSK. It is clear that compared to QPSK, a low BRE could

still be obtained through MFSK when the SNR is low. The

BER of QAM16 and QAM64 is tested with the aid of ampli-

fier and shown in Fig. 8(b). We could increase the SNR of

signal through the power adjustment conducted by the am-

plifier. According to the experimental results, the signal can

be decoded when SNR is above a certain threshold no matter

which modulation mode is adopted.

4 Conclusion

We present the design, implementation, and experimental

results of an underwater multimode acoustic modem which

is small-sized and low-powered for AUVs. Furthermore, the

modem integrates a power selection strategy. The details of

the physical communication algorithm and the hardware im-

plementation platform are described in this paper. Finally,

experiments are conducted to evaluate the proposed modem

in the field (the Qiandao lake) and the lab (an anechoic water

tank).
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