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Abstract—The objective of this paper is to investigate multi-
user communication protocols in the framework of Underwater
Acoustic (UWA) communication for Autonomous Underwater Ve-
hicle (AUV)s fleet. By combining Hyperbolically Frequency Mod-
ulated (HFM) chirp and Pseudo-Noise (PN) spreading sequence
we propose a very robust multi-user protocol that allows a very
simple decoding based on matched filtering. The implementations
of this protocol for the UWA scenario is described, and the
performance results over a simulated shallow water UWA channel
are compared against the conventional Code-Division Multiple
Access (CDMA) and Time-Division Multiple Access (TDMA)
protocols.

I. INTRODUCTION AND MOTIVATIONS

The UWA channel is one of the most challenging channel
for data communications. Due to the low celerity of acoustic
waves (with respect to electromagnetic ones), UWA channel
is characterized by extensive multi-path effect and large
Doppler spread. Moreover frequency dependent attenuation,
temporal variation and background noise make UWA data
rate very limited [1]. On the other hand, AUVs are used
for several applications such as in military field with anti-
submarine warfare, science field with wreck exploration, or
in industrial field with offshore energy research. Nowadays
the concept of a several AUVs working together within a
fleet is an on-going research axis [2]. UWA communication
with AUV fleet is used to control vehicles (downlink) or to
gather data from vehicles (uplink). The quality and reliability
of communication is essential, mainly in the shallow water
areas for which the multi-paths effect is stronger leading to
extensive intersymbol interference.

Traditional methods for multiuser communication in an
underwater acoustic channel are TDMA and CDMA [3].
TDMA allows several users to share the same frequency
channel by dividing the signal into different time slots. Each
user uses alternatively its own time slot to transmit data
without interfering with other users. However, as the number
of users increases, the waiting time will be longer and the
data rate will decrease. In CDMA protocol, the different
users transmit information data simultaneously through a
different spreading sequence for each user. The disadvantage
of this method lies in the multiuser interference provided
by the non-orthogonality of PN sequences when the user
communication channel is selective in time or in frequency.

To cope with such interference terms, advanced equalization
scheme can be invoked as multiuser detection [4] or Multi-
User Multiple-Input Multiple-Output (MU-MIMO) technique
combined with Passive Phase Conjugation (PPC) technique
[5] but at the prize of higher decoding complexity and users
number limitation. Recently, the authors of [6] propose an
alternative of CDMA and TDMA by using chirp waveform
for UWA multiuser communication. To reduce the multiuser
interference, the Virtual Time Reverse Mirror (VTRM)
technique is used with a Fractional Fourier Transform (FrFT)
at the reception. However, this method requires an estimate
of the different channels and is limited to 4 users.

In this paper, we introduce a new Multi-User Chirp Spread
Spectrum (MU-CSS) method that does not require channel
estimation and can be extended to more than 4 users. We
consider an uplink scenario where a fleet of Nu AUVs needs
to transmit data to a receiver situated at the sea surface. The
paper is organized as follows. System model and conventional
multiuser protocols for UWA communications are introduced
in section II. The proposed MU-CSS multiuser scheme is
presented in section III. Simulation comparisons of the pro-
posed scheme against conventional protocols are carried out
in section IV by using shallow water UWA channel simulator
derived from [7], [8]. Finally, conclusions are drawn in section
V.

II. CONVENTIONAL MULTIUSER ACCESS PROTOCOLS

Multi-user UWA communication can be simply achieved by
using TDMA protocol, but due to UWA channel characteris-
tics, the time slot assigned to each user must have a substantial
duration [3]. In the following, we will try to overcome
limitations of TDMA protocol by considering simultaneous
UWA transmission from each AUV.

A. CDMA protocol

A first classical approach consists of using spread spectrum
modulation as CDMA [9] that is widely used as a multiple
access method. CDMA assigns mutually orthogonal PN codes
to different users. At the reception side, autocorrelation prop-



erties and orthogonality between users of PN codes are used
to dispread separately each user. For the i-th user, let:

ci(t) =

NSF−1∑
l=0

ci,lφ(t− lTc) (1)

with [ci,1, ci,2, ..., ci,NSF
] the PN length code of length NSF

where Tc is the chip duration, SF the spreading factor and
φ(t) is the pulse shaping filter. The baseband signal to be
transmitted is then given by:

si(t) =

Ns∑
k=1

di,kci(t− kTs) i ∈ [1, Nu] (2)

where Ts = NSFTc is the symbol duration and di,k are
Differential Phase Shift Keying (DPSK) symbols carrying
the useful information with k ∈ [1, Ns]. The use of
differential coherent modulation is justified in our case
because relative low data rate are considered in this paper.
Moreover in UWA communication channel with large delay
spreads and rapid time variations, differential modulation
are demonstrated to provide interesting performance even to
outperform coherent modulation under certain conditions [10].

The reception, the baseband received signal is expressed as:

r(t) =

Nu∑
i=1

hi(t, τ) ∗ si(t) + n(t) (3)

r(t) =

Nu∑
i=1

∫ +∞

−∞
hi(t, τ)si(t− τ)dτ + n(t) (4)

with hi(t, τ) the channel impulse response for the i-th user
at time t and n(t) the additive Gaussian noise.

The transmitted symbols by the i-th user are found by
matched filtering the received baseband signal with its PN
code.

d̂i(t) = ci(t) ◦ r(t) (5)

=

Ns∑
k=1

di,khi(t, τ) ∗ ρii(t) + ζi(t) + ñ(t) (6)

with
ρi,j(t) = c∗i (−t) ∗ cj(t) (7)

and

ζi(t) =

Nu∑
j=1
j 6=i

Ns∑
k=1

dj,khj(t, τ) ∗ ρij(t) (8)

where ζi(t) represents the multi-user interference terms and
ñ(t) the residual noise.

To find the k-th symbol transmitted by the i-th user, we
integrate on the symbol time:

d̂i,k =

∫ k Ts
2

−k Ts
2

d̂i(t)dt (9)

B. Direct Sequence Spread Spectrum (DSSS) TDMA

As benchmark we consider a TDMA approach that uses a
user time slot of NsTs seconds followed by a guard interval
of duration Tg between each user slot. In order to deal with
frequency selectivity of the UWA channel, a DSSS signalling
is applied to each user of the TDMA protocol such as
TDMA and CDMA approaches are equivalent in the single
user scenario. The baseband received signal and the decoding
process are given by particularizing (4) and (5) respectively
with Nu = 1.

III. MU-CSS PROTOCOL

A. Concept

To create the different spreading signals used by users, we
will start from a HFM signal. The expression of the HFM
signal is given by:

x(t) =

{
exp(−j2πklog(1− t

t0
)) if −Th

2 ≤ t ≤ Th

2

0 otherwise
(10)

with t0 = Th(fh+fl)
2(fh−fl) , k = Thflfh

fh−fl , fl ≤ fh and Th the duration
of the HFM signal.

Let ei(t) denote the signal corresponding to the i-th user
with i ∈ {1, 2, ..., Nu + 1} and e1(t) = x(t) (this signal will
be excluded from the set later). The construction process is
then defined for i > 1 by:

ei(t) = ci(t) + αiei−1(t) (11)

where

αi =
< ci(t), ei−1(t) >

||ei−1(t)||2
=

∫ Th
2

−Th
2

ci(t)e
∗
i−1(t)dt

||ei−1(t)||2
(12)

with ci(t) given by equation (1).

B. User decoding

The baseband signal to be transmitted is given by:

si(t) =

Ns∑
k=1

di,kei(t− kTh) i ∈ [1, Nu] (13)

with di,k are the DPSK symbols carrying the useful informa-
tion with k ∈ [1, Ns]. At the reception, the baseband received
signal is the same as equation (3) and the transmitted symbols
by the i-th user are found by matched filtering the received
baseband signal with its corresponding chirp.

d̂i(t) = ei(t) ◦ r(t) (14)

=

Ns∑
k=1

di,khi(t, τ) ∗ ρii(t) + ζi(t) + ñ(t) (15)

with
ρi,j(t) = e∗i (−t) ∗ ej(t) (16)



and

ζi(t) =

Nu∑
j=1
j 6=i

Ns∑
k=1

dj,khj(t, τ) ∗ ρij(t) (17)

where ζi(t) represents the multi-user interference terms and
ñ(t) the residual noise.

To find the k-th symbol transmitted by the i-th user, we
integrate on the chirp time:

d̂i,k =

∫ k
Th
2

−k Th
2

d̂i(t)dt (18)

IV. SIMULATION RESULTS

A. Underwater acoustic channel simulator

For the simulation comparisons, we consider the UWA
channel simulator provided by [7] based on a stochastic model.
The time varying transfer function is given by:

H(f, t) = H0(f)
∑
p

γp(f, t)hpe
−j2πfτp (19)

with H0(f) the transfer function of direct path, hp the relative
path gain, γp(f, t) represents the scattering coefficient mod-
eled by a complex-valued Gaussian processes whose statistics
reflects the time coherence of the channel and τp the path
delays. The time variation of γp(f, t) leads to Doppler spread.
For simplicity, we will take γp(f, t) ∼ N (0, 10−10) [8]. In this
study we assume that the AUVs have no intentional motion.

B. System parameters

The chosen model represents a short range UWA
transmission with a water depth 10 m at a center frequency
of 23 kHz over a 4 kHz bandwidth. Each AUV are supposed
at a same depth of 1 m. The range between each AUV and
the receiver is randomly selected in the interval [700, 710] m
modeling a fleet situating in a circular ring. In a first time, we
will analyze the results for a static channel and in a second
time we will use a time varying channel.

Channel parameters are summarized in Table I whereas
transmission system parameters are provided in table II.

Parameters Value
Center frequency 23 kHz
Sample frequency 100 kHz
Signal bandwidth 4 kHz
Transmission range [700, 710] m
Water depth 10 m
RMS channel delay spread [11] 16 ms
Signal to noise ratio 10 dB
Doppler spread N(0, 10−10)

TABLE I
CHANNEL PARAMETERS.

To compute the Frame Error Rate (FER), we consider a
frame as erroneous when the Bit Error Rate (BER) after

Symbol Signification Value
M Modulation 1 (DBPSK)
Ns Number of symbols 200
Nf Number of frames 103

C Forward Error Correction (FEC) code type Convolutive code
gC FEC code generator (156, 123)o
RC FEC code rate 1

2
Tg Guard interval time 15 ms
Th Duration of the chirp signal 7.75 ms
Tc chip duration ??? ms
NSF PN length code 31
α pulse shaping filter roll-off factor ????
Ts Symbol time 7.75 ms

TABLE II
SYSTEM PARAMETERS.

channel decoding is greater than 10−3. The effective data rates
for each protocols are given below:

DCDMA
e =

RC log2M

NSF .Tc
· (1− FER) [bps] (20)

DTDMA
e =

NsRC log2M

NsNuNSFTc + (Nu − 1)Tg
· (1− FER) [bps]

(21)

DMU-CSS
e =

RC log2M

Th
· (1− FER) [bps] (22)

where M is the size of the DPSK constellation and RC is
channel coding rate.

C. Static channel

In a first step we consider a static channel Simulation
comparisons between the protocols over the modeled shallow
water acoustic static channel are given by figure 1 and figure
2. As expected the TDMA protocol provides perfect FER

Fig. 1. Average FER performance versus number of users for the static
channel.

whatever the number of users whereas robustness of CDMA
decreases as the number of users increases. By analyzing the
effective data rate, CDMA is demonstrated to reach higher
data rate than classical TDMA approach. The MU-CSS
protocol have a perfect FER as the TDMA and they have the
best effective data rates.



Fig. 2. Average effective data rate per user versus number of users for the
static channel.

D. Time varying channel

An a second step, Doppler spread is added in shallow
water UWA channel model leading to figure 3 and figure
4. Over time varying channel, the effective data rate of the

Fig. 3. Average FER performance versus number of users for the time varying
channel.

Fig. 4. Average effective data rate per user versus number of users for the
time varying channel.

conventional access protocols is decreased. We can see TDMA
performance are getting higher than CDMA beyond 5 users. In

fact, TDMA protocol is not affected by multiuser interference
but only UWA channel time and frequency selectivity while
CDMA suffers from multiuser interference in addition to
UWA channel selectivity. The MU-CSS protocol have the best
effective data rates compared to other protocols.

V. CONCLUSION

In this paper, we have proposed a new multiuser protocol
denoted MU-CSS in the context of UWA communication
within an AUVs fleet. Simulation comparisons against
traditional TDMA and CDMA over static and time-varying
shalow water UWA models demonstrate a superior effective
data rate for the proposed MU-CSS scheme even if the
number of users is large.

In a future work, we will analysis the behavior of the
multiuser protocols in the case of large and different Doppler
shifts induced by the motion of each AUV as well as sea
experiments.
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