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Abstract—Dynamic coded cooperation (DCC) does not need
extra transmission time scheduled for the relay, which is ap-
pealing to the bandwidth-limited high-delay underwater acoustic
(UWA) environment. In this paper, we propose dynamic coded
cooperative automatic repeat request (DCC-ARQ) protocol for
multi-hop UWA networks. A transmission packet with multiple
blocks is taken as a one-shot unit, where an erasure-correction
code is used for inter-block encoding. Adopting the DCC scheme
in each hop UWA transmission, the half-duplex cooperative node
switches to cooperation phase immediately after it decodes the
cooperative message, which provides a more reliable coopera-
tive path for the specific three-node network. Further, if the
relay (or destination in the last hop) node sends a negative
acknowledgement (NACK) to the upstream cooperative node,
the cooperative node only needs to retransmit parts of the
packet under DCC-ARQ mechanism, hence a reduced end-to-end
transmission latency can be achieved. Simulation results show
that for a one-shot transmission, the proposed protocol achieves
good balance between the reduced end-to-end delay and decent
outage performance, relative to existing protocols.

Index Terms—Coded cooperation, OFDM, dynamic coded
cooperation, ARQ, underwater acoustic communications.

I. INTRODUCTION

Underwater Acoustic (UWA) networks are experiencing a
rapid growth, due to their high relevance to commercial and
military applications such as oceanographic data collection,
pollution monitoring, offshore exploration, disaster prevention,
and tactical surveillance [1], [2]. However, the design of
efficient communication protocols for UWA networks is still
an open research problem due to the unique characteristics of
the UWA communication channel such as limited bandwidth,
high and variable propagation delays, and significant multi-
path and scattering.

To establish reliable UWA communication, the automatic
repeat request (ARQ) protocol that organizes the retrans-
mission of erroneous packets is required. However, as the
long propagation delays in UWA channels, various improved
efficient ARQ schemes [3]–[7] have been proposed for UWA
networks. One of the interesting protocols named cooperative
ARQ scheme [4] is that, the retransmission happened from the
cooperative node instead of that from the source node after
the destination sent the negative acknowledgement (NACK).
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As the cooperative diversity gain, this cooperative retransmis-
sion can significantly increase the probability of successful
retransmission.

For the relay-based cooperative communications, multiple
relay strategies can be applied, e.g., amplify-and-forward
(AF), decode-and-forward (DF) and compression-and-forward
(CF) [8], [9]. Further, coded cooperation (CC) [10] applying
channel coding to relay cooperation was studied as a practical
protocol, in which each user tries to transmit incremental
redundancy for its partner. Recently, dynamic coded coop-
eration (DCC) [11]–[13] has been proposed by investigating
turbo- and low-density parity-check codes (LDPC)-coded relay
cooperation. We proposed orthogonal-frequency-division mul-
tiplexing (OFDM) modulated DCC scheme for UWA channels
in [14], which is particularly appealing to UWA networks
where a relay node with abundant resources (e.g., a surface
buoy) can enhance communications among underwater nodes
without changing their transmission procedure.

Fig. 1 shows the main difference of conventional DF-, CC-,
and DCC-cooperation schemes on bandwidth efficiency [15].
We can find that there is no extra transmission time scheduled
for the relay with the DCC scheme, making it bandwidth
efficient. The source can be even unaware of the existence
of the relay in the DCC scheme.

In this paper, we combine DCC with cooperative ARQ,
termed as the DCC-ARQ protocol, for multi-hop UWA net-
works. Similar to [16], a transmission packet with multiple
blocks is taken as a one-shot unit, where an erasure-correction
code is used for inter-block encoding. In per-hop transmission,
we assume that the cooperative path is pre-determined by
the optimal algorithm, forming a specific three-node network.
With or without retransmission, the DCC-ARQ protocol can
get benefits on both of the two kinds of cases.

• The half-duplex cooperative node switches to cooperation
phase immediately after it decodes the cooperative mes-
sage, offering both coding gain and diversity gain, which
provides a more reliable cooperative path for the specific
three-node network.

• When the relay (or the destination in the last hop) node
receives an erroneous packet, it asks for retransmission
from a cooperative node, which is selected in the co-
operative region. During the retransmission phase, the
cooperative node only needs to retransmit parts of the
packet under DCC-ARQ mechanism, hence a reduced
end-to-end transmission latency can be achieved.
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Fig. 1. Bandwidth efficiency for different cooperative schemes [15].
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Fig. 2. An example of Nh-hop UWA network adopting the DCC scheme.

The rest of this paper is organized as follows. Section II
presents the proposed DCC-ARQ protocol for multi-hop UWA
networks. Section III contains simulation results for a one-shot
transmission in a 5-hop UWA network, and conclusions are
contained in Section IV.

II. THE PROPOSED DCC-ARQ PROTOCOL FOR

MULTI-HOP UWA NETWORKS

Consider an Nh-hop UWA network, as shown in Fig. 2,
where the first node indexed by 0 is the source, and the
last node indexed by Nh is the destination. Assuming that
the routing path is pre-determined by the optimal routing
algorithm for a given source-destination pair. In the i-th hop,
we select the best node in the cooperative region as the
cooperative node the same as in [4], and define it as the i-th
cooperative node helping the (i-1)-th relay node transmitting
data to the i-th relay. Fig. 3 shows a cooperative region
example with two-hop scenario.

A. Dynamic Coded Cooperative ARQ Protocol

We assume a burst-based transmission. Each burst consists
of Nbl blocks, which can be an orthogonal-frequency-division-
multiplexing (OFDM) block as an example. An erasure-
correction channel code is applied over the Nbl blocks for
the inter-block encoding.

To illustrate the dynamic coded cooperative ARQ protocol,
we will first briefly introduce the traditional ARQ protocol
and the cooperative ARQ protocol in [4], as shown in Figs. 4
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Fig. 3. Cooperative region for multi-hop UWA networks adopting the DCC
scheme.

(a) and (b). In each hop transmission, if the receiver can not
decode the message correctly, it asks for retransmission with
a NACK signal to the transmitter under the traditional ARQ
protocol, and to the cooperative node under the cooperative
ARQ protocol. Obviously, the later protocol can provide a
more reliable retransmission path since the cooperative node
lies between the transmitter and the receiver. Additionally, it
also saves the propagation delay because of the shorter node-
to-node distance.

For the DCC-ARQ protocol, to get a reliable transmission
in each hop, it takes the following steps.

• Instantaneous transmission upon successful decoding:
During the listening phase for the cooperative node, it
attempts burst decoding and performs parity check when
receiving one more block; immediately after the informa-
tion bits within one burst are successfully recovered, say
Nli blocks, it regenerates the coded transmission blocks,
say Ncoop := Nbl − Nli blocks, and switches to coop-
erative phase and relays the message to the downstream
node.

• Partial retransmission upon dynamic decoding: If the
retransmission is asked, the cooperative node will only
retransmits the first Nli blocks as shown in Fig. 4 (c),
instead of the all Nbl blocks as the cooperative ARQ
scheme in [4].

• Joint decoding both before and after the retransmission:
Before retransmission, the receiver node will do joint de-
coding based on the Nbl blocks from the transmitter node
with the last Ncoop blocks superimposed by the relay’s
transmissions; After the retransmission, the additional Nli

blocks will be used together with the previously available
Nbl blocks for joint decoding.

We should highlight that, with the extremely poor channel
link quality, the DCC-ARQ protocol would not start cooper-
ative phase, i.e., Nli = Nbl. Then the DCC-ARQ protocol
becomes the cooperative ARQ protocol. Further, the proposed
DCC-ARQ protocol is appealing for UWA networks, but also
applicable to terrestrial radio communications.

B. Decoding at the Relay Node

For UWA transmissions, we assume that each hop uses
OFDM modulation [17]. Given a three-node UWA network in
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Fig. 4. Illustration of several ARQ protocols in per-hop UWA network.
(a) Coded traditional ARQ; (b) Coded cooperative ARQ; (c) Dynamic coded
cooperation (DCC) ARQ. To compare with the proposed DCC-ARQ protocol,
both traditional ARQ and cooperative ARQ protocols are equipped with
erasure-correction channel code.

the i-hop, we have investigated two cooperation strategies in
[14], named repetition redundancy (RR) and extra redundancy
(ER) for the DCC scheme, where the cooperative node trans-
mits either identical or different OFDM blocks as the (i− 1)-
th relay node during the cooperation phase. Let Nr denote
the number of receiving elements at the destination. Consider
an OFDM modulation with K subcarriers, and assume a
time-invariant scenario. During the cooperation phase, the
destination (the i-th relay node) receives the superposition of
the signals from the source (the (i − 1)-th relay node) and
the cooperative node. The RR cooperation strategy can be
described briefly as bellow.

Since the cooperative node transmits identical OFDM
blocks as the source, the input-output relationship of the lth
received OFDM block at the νth receiving element is

zν,l[k] = (Hν,l,sd[k] +Hν,l,cd[k])︸ ︷︷ ︸
:=Hν,l[k]

sl[k] + nν,l[k],

= Hν,l[k]sl[k] + nν,l[k], (1)

where Hν,l,sd[k] denotes the channel frequency response be-
tween the source and the destination, Hν,l,cd[k] denotes the
channel frequency response between the cooperative node and
the destination, and nν,l[k] is the ambient noise.

Assuming nν,l[k] ∼ CN (0, σ2
ν,l) and all the constellation

symbols are equal-probable, the a posteriori probability (APP)
of the kth data symbol in the lth OFDM block during the
demodulation step is

p
(
sl[k]

∣∣∣{zν,l[k]}Nr
ν=1

)
∝ exp

{
−

Nr∑
ν=1

|zν,l[k]−Hν,l[k]sl[k]|2
σ2
ν,l

}
. (2)

C. End-to-End Delay

Before discussion on the end-to-end delay for the coop-
erative multi-hop UWA networks, we adopt the following
assumptions for each hop transmission.

• The ACK signals will always be sent to the transmitter,
and the NACK signals will be sent to the cooperative node
and transmitter node alternately, which can be controlled
by the response mechanism at the node. For example, if
the receiver can not decode the packet correctly at the first
time, the NACK signal will be sent to the cooperative
node and let it do retransmission. Then the receiver
node will decode again and send ACK or NACK to the
transmitter node. This is so called a “full cycle”. With
this assumption, the retransmission propagation delay
depends on the retransmission index is odd or even.

• The ACK or NACK signal can always be received by
the cooperative nodes or the transmitter nodes, and both
of them will always respond to these feedback signals.
Hence we will skip the time-out cases in this paper.

The end-to-end delay for the Nh-hop UWA network is

Te2e =

Nh∑
i=1

Ti,e2e. (3)

For the i-th hop, the end-to-end delay consists of the trans-
mission latency and the propagation delay

Ti,e2e = Ti,pro + Ti,tra, (4)

where the propagation delay Ti,pro is related to the retransmis-
sion times, the end-to-end distance, the sound speed in water,
and different cooperative schemes.

In each hop, let Tpro be equal to the end-to-end distance
divided by the sound speed in water, NreTra be the retrans-
mission times. Then for the traditional ARQ protocol as shown
in Fig. 4, we have

TTradi,i,e2e = (2Tpro + Ttra)(1 +NreTra), (5)

where Ttra is transmission time of a burst data. Denote Tbl as
the block time-duration, it can be written as

Ttra = NblTbl. (6)



For the cooperative ARQ and DCC-ARQ protocols, we have

TCoop−odd,i,e2e =

(3Tpro + 2Ttra)
NreTra + 1

2
NreTra = 1, 3, 5, · · · , (7)

TCoop−eve,i,e2e =

(3Tpro + 2Ttra)
NreTra

2
+ 2Tpro + Ttra

NreTra = 0, 2, 4, · · · , (8)

TDCC−odd,i,e2e =

(3Tpro + Ttra + Tdyna)
NreTra + 1

2
NreTra = 1, 3, 5, · · · , (9)

TDCC−eve,i,e2e =

(3Tpro + Ttra + Tdyna)
NreTra

2
+ 2Tpro + Ttra

NreTra = 0, 2, 4, · · · ,
(10)

where Tdyna is the dynamic transmission time for the coop-
erative node retransmitting to the receiver when starting ARQ
mechanism in the DCC-ARQ protocol, and can be expressed
as

Tdyna = NliTbl, (11)

which is dynamic and determined by the the channel link
quality between the transmitter node and the cooperative node.
Hence the start time for the cooperative node to send the
redundancy blocks is dynamic, which is so-called dynamic
coded cooperation.

For one specific case, if NreTra = 1, it is the first “full
cycle” as shown in Fig. 4.

III. NUMERICAL RESULTS

A. Simulation Setup

We consider a multi-hop UWA network with Nh = 5 hops,
and the distance between each hop is d = 2 km. Assuming
that there is only one cooperative node, and it lies in the
middle of the hop. In each burst, there are Nbl = 20 blocks
which are erasure-correction coded over Ibl = 10 information
blocks, i.e., 0.5 bit/symbol. The OFDM parameters are chosen
as in [17], with the number of OFDM subcarrier K = 1024.
The system center frequency is fc = 10 kHz. The multipath
channels are randomly generated with 50 taps in the baseband,
and are assumed as quasi-static fading.

During the relay process, we claim one node successfully
recovering the transmitted message when its cumulative mu-
tual information of received blocks is no less than the amount
of transmitted information bits. In contrast, outage occurs that
when one node finishes transmission, its downstream node can
recover the relayed message.

The received signal-to-noise ratio (SNR) of an UWA system
can be expressed by the passive sonar equation:

SNR = SL− TL−NL+DI, (12)
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Fig. 5. Performance comparison of several ARQ protocols for 5-hop UWA
networks. There is only one cooperative node in each hop. The maximize
retransmission time is only once in each hop. Code rate is 0.5.

where SL is the source power level, TL is the transmission
loss, NL is the noise power level, and DI is the receiving
directivity index in decibels. We consider the receivers as
non-directional hydrophones, and thus the receiving directivity
index is zero.

Define σ2
d(f) as the attenuation of the signal at frequency

f after transmitting a distance d,

σ2
d(f) := dβα(f)d, (13)

where α(f) is the frequency-dependent absorption coefficient,
and β is the path-loss exponent which is taken as 1.5 in
a practical system. Then the transmission loss TL can be
expressed as

TL = 10 logσ2
d(f)

= β · 10 log(d) + d · 10 logα(f). (14)

The ambient noise in the ocean can be modeled using tur-
bulence,shipping,waves and thermal noise. The overall power
spectral density on the ambient noise is given by [18]

NL = 10 logN(f)

= 10 log[Nt(f) +Ns(f) +Nw(f) +Nth(f)]. (15)
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Define the transmission SNR as the transmission power over
the ambient noise variance, i.e.,γ̄ := P/σ2

w, which can be
obtained from 10 log γ̄ = SL−NL.

For simplicity, we set the maximize retransmission times
is only once during the simulation, i.e.,NreTra = {0, 1}.
To compare with the proposed DCC-ARQ protocol, both
traditional ARQ and cooperative ARQ protocols are equipped
with erasure-correction channel code, and the code rate is 0.5.
Further, as our early work [14] indicated, RR cooperation is
more convenient than ER for DCC in UWA system, we adopt
DCC-RR ARQ scheme for simulation in this paper.

B. Simulation Results

For the system operating at one frequency point, Fig. 5(a)
demonstrates the simulated outage probabilities of the three
different protocols. One can see that the proposed DCC-
ARQ scheme is slightly better than the coded cooperative
ARQ scheme in [4], and both of them outperform the coded
traditional ARQ scheme.

Average over channel dynamics, Fig. 5(b) shows the end-to-
end delay of the three ARQ schemes. We can find that the pro-
posed DCC-ARQ method outperforms the coded cooperative
ARQ scheme via the transmission latency adaptation, while
it is close to the coded traditional ARQ scheme. Hence, the
proposed DCC-ARQ protocol achieves good balance between
the reduced end-to-end delay and decent outage performance,
relative to existing protocols.

Fig. 6 demonstrates the simulated probability density func-
tion of the average dynamic transmission latency in the pro-
posed scheme. Compared with the coded cooperative ARQ
scheme, a lower transmission latency Tdyna in the proposed
DCC-ARQ scheme leads to a reduced end-to-end delay.

IV. CONCLUSIONS

In this paper, we investigated a dynamic coded cooperative
ARQ scheme for a multi-hop UWA network. Compared with
the traditional ARQ and the cooperative ARQ protocols nu-
merical results showed that the proposed protocol can achieve
good balance between the reduced end-to-end delay and decent
outage performance through dynamic cooperation.
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