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Abstract— Underwater acoustic networks are envisaged to (typically of much smaller size than data packet) per sugces
be the enabling technology for oceanographic data collecth, fylly received data packet in single-hoplink.
pollution monitoring, offshore exploration and tactical surveil- However, in a multi-hop channel, due to the broadcast nature

lance applications. Unique characteristics of underwateracoustic f th di if de t it ket and h it
channels such as large propagation delays and high bit erratates o € medium, I a node ransmits a packet an ears Its

pose a challenge to designing reliable and efficient commuwation Next-hop neighbour transmitting it forward, it is amplicit
protocols. In this paper, we propose an opportunistic acknal- acknowledgement that the packet has been successfully re-

edgement scheme suited for Stop and Wait ARQ protocols and ceijved by its neighbour, hence nullifying the need for esipli
demonstrate using simulations that it achieves better latecy and  5c1nowledgement. While this may be moedficient (e.g.
energy efficiency than traditional non-opportunistic schenes for . . . .
both one and two-dimensional multi-hop acoustic channels. In terms of bits transmitted per datg packet and/or vyaltlng
time for acknowledgements) than explicit acknowledgenrent
terrestrial wireless links with very low BER, it may not be so
for acoustic links with substantially higher BER. In additj
Many applications have been envisaged for underwater sefhile acknowledgement may be implemented on a per-hop or
sor networks, including seismic monitoring, tactical ®iFv end-to-end basis, the former is expected to be more efficient
lance and equipment monitoring and fault detection. Tazeal for high BER acoustic links.
these applications, we may borrow many design principlesHence, in this paper, we propose a per-hop hybrid im-
and tools from ongoing, ground-based terrestrial sensor ficit/explicit acknowledgement scheme fo&®/ ARQ in a
search. Acoustic communication is a promising candidate fulti-hop acoustic channel, and demonstrate its efficacy in
underwater communication since radio is not suitable femhe- and two-dimensional architectures suitable for lamge,
underwater usage because of extremely limited propagatignderwater surveillance applications.
However, there exist some fundamental differences between
the radio and acoustic media, e.g., (a) long and variable Il. RELATED WORK
propagation delay and (b) high and variable bit error rate Variants of ;W have been proposed [3], [4], [5], [6] for
(BER) in the latter that pose research challenges in underwasingle-hop communication links to improve its efficiency by
sensor networking [1], [2]. transmittingblocksof packets, rather than a single packet, thus
In a typical underwater sensor network, sensor nodes anaking better utilisation of the time spent in waiting foeth
interconnected via wireless links to one or more underwatacknowledgements. However, to the best of our knowledge,
sinks that are responsible for reliably relaying data to ARQ mechanisms for multi-hop communication is much less
surface station. While direct communication between senssudied [7], [8].
and sink nodes (long range, high power) is simpheyti-hop Recently, in [9], the author conducted a statistical analys
(short-range, low power) communication using complex praf protocol efficiency for a class ofé&W protocols, leading
tocols may be necessary, for example, in military survedéa to an optimal packet size in terms of hop-length, bit rate and
applications, where operational covertness and low powexpected BER under typical underwater channels. As in [3],
consumption are critical requirements. [4], [5], [6]. this work considers &W schemes based on trans-
To establish reliable multi-hop communication, an autamitting groups of packets for which selective acknowledge-
matic repeat request (ARQ) procedure is required to managents are generated. A similar analysis was conducted in [10
the retransmission of erroneously received / lost datagtack which additionally accounted for cross-layer interacsiovith
Since current acoustic modem technology typically sugporedium access control layers and forward error correction.
half-duplex mode, the method of choice for current AR@lowever, the above analyses were conducted siejle-hop
implementations is the simple Stop and Wai&{®) protocol acoustic links.
where each transmitted packet has toabknowledgedbefore On the other handnulti-hop end-to-endARQ (e2e-ARQ)
the next packet can be transmitted. This can be simpipncepts (as opposed t&:®/ which is a per-hop (PH-ARQ)
achieved byexplicitly transmitting an acknowledgement packemechanism) were proposed recently in [7], [8] primarily to

I. INTRODUCTION



handle node mobility in beyond 3G terrestrial access nétsvor waiting time before the next packet can be transmitted in-
An e2e RelayARQprotocol is proposed in [7] that allowsdicates lower efficiency. The acknowledgement procedune ca
relay or intermediate nodes to seamlessly "leave and joib& doneimplicitly through the data packet itself explicitly
without breaking the end-to-end connection by maintairangthrough an ACK packet. These mechanisms will be described
common protocol state between all nodes. A multi-hop AR@ the subsequent sections.
mechanism M-ARQ is proposed in [8] by coupling a PH- 1) Implicit AcknowledgemeniNIP): Consider the trans-
ARQ protocol with an e2e-ARQ. Although e2e-ARQ protocolmission of a data packebs bits) over hopj from node; to
may perform better in terms of reliability and efficiencynodej+1. Since the transmission is isotropic, this packet may
than PH-ARQ, the added complexity may not be suited falso be received at nodel and serve as amplicit ACK for
implementation in underwater networks comprising energits transmission. The corresponding packet error prolabil
starved sensor nodes. In addition, node mobility may not bger hopj-1 (or probability of unsuccessful acknowledgment
a critical issue in underwater networks. Therefore, we $octor nodej-1's transmission) is:
our efforts on devising a&W protocol suited for multi-hop b

pj-1(bp) =1— (1 —p;—1)"".

communication in underwater networks.
If node j-1 is not acknowledged after a time-out interval,
. STOP AND WAIT ARQ FOR MULTI-HOP ACOUSTIC To IMP=2(tp*tp), it retransmits the data packet. We denote
COMMUNICATION this ARQ scheme by IMP.
A. System Model and Problem Definition 2) Explicit AcknowledgemenEKP): Since acoustic chan-
Consider ann-hop acoustic channel comprising a sourc@els are characterized by high BER, a substantial proportio

node, sink node anat1 relay nodes as shown in Fig. 1(a). Oné)f implicit ACK packets may be erroneously transmitted,

of the distinguishing features of underwater acoustic comm?"'9gering retransm|35|on.0.f dgta packets that consumerggn -
nd hence should be minimized. One way to achieve this is

ication i tially- ingch Is, which is ch terized? : " )
Egglgg ;ﬁngé% );I\cl)?glggghahn;;p? Which 1S characterize to define arexplicit ACK protocol (EXP) that piggybacks the
-

When a packet ob bits is transmitted over hog, the ACK packet to each data packet. In this way, the correspendin

corresponding packet error probability(b), is: probability of unsuccessful acknowledgment for ngeg's
Yo), 1S transmission is reduced to:

(D) =1—(1—p;)°.
p]( ) ( pJ) pi—1(ba)=1—-(1 —pj—l)bA-
The time required for this packet to arrive at its intendezipre

ient node (either nodg-1 or j+1) comprises théransmission
delayt = b/r and thepropagationdelay,tp = l/c, wherer is

However, the corresponding time-out interval is increated
To EXP=2(tp + tp + ta). Although the improvement in the
o< likelihood of successful acknowledgment comes at the esgen
the transmission rate of the channels the hop-length (m) ¢ longer time-out intervals, the relative performance Pl

andc is the_ speed of sound (m/s). o and EXP in terms of latency- and energy-efficiency depends
We consider two types of packets in this study, namely da@ the choice of system parameters.

packets ofbp bits and acknowledgement (ACK) packets of pence our objective in this study is to design an ac-
ba (<< bp) bits each, with transmission times givenhy =\ hojedgement scheme for&®V ARQ that maximizesthe
bplr andta = balr respectively. latency-efficiency and/or energy-efficiency (irainimizesthe
B. Stop and Wai{S&W) ARQ energy c_on;umphon) for data d_ell\(ery ina multl-holp acioust
. . communication system. Quantitatively, for the deliveryaof

With S&W ARQ, the transmitter sends a packet and wait§ingle data packet from node 1 to nodel for the system
for the acknowledgment. Once it arrives, the transmitteveso gpown in Fig. 1(a), we evaluate the delivery tinig;), total
on to a new packet; otherwise, if it does not arrive withifime required for all transmissions to ceade)(and the total
a pre-specified duration, called thine-out the packet is numper of bits transmittedH). The metricT, measures the

acknowledgement may be lost and this will trigger an unnecgfie acknowledgement scheme.

sary retransmission after the time-out. To reduce unnacgss

transmission (henceenergy consumption) of data packets'V- OPPORTUNISTICACKNOWLEDGEMENT SCHEMES FOR

which have already been received, we apply the following rul MULTI-HOP ACOUSTIC COMMUNICATION

to all acknowledgement schemes considered in this study: To determine an optimally-efficient acknowledgement
Rule 1: Whenever arelay nodej receives a packet from scheme, it is necessary to obtain analytic expressionsafdr e

nodej-1, it transmits an ACK packet if its previous datemetric in terms of the channel parameters. While it is shiaig

transmission is already acknowledged. On the other harfidiward to derive the packet delivery tinig, analytically for

(non-relay node 1 (+1) only transmits data (ACK) packets.a multi-hop communication system, it is complex to do so
The design of the acknowledgement procedure is importdot (7., B). Hence, we assume that the latter quantities may

since, in addition teenergyefficiency, it also determines thebe approximately minimized by minimizing the correspormdin

latencyefficiency of the ARQ mechanism, where a longeper-hop quantities.
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(a) One-dimensional n-hop acoustic channel (b) Two-dimensional multi-hop acoustic sensor network

Fig. 1. (a) lllustration of Stop and Wait (S&W) ARQ mechanism over a one-dimensional n-hop communication channel, where p; is the BER over
the 5" hop and (b) Extension to two-dimensional multi-hop network with single sink, where p; > Dj,t > g

Let us assume that mew packet has just been received Rule 2: Whenever a relay node-1 receives a packet from
successfully at nodg+1 from nodej. With S&W ARQ, the nodej, it operates according to the following:
above event has to be acknowledged at npdeefore it can
transmit the next packet. We quantify the per-hop latency- If p; >=p;, nodej+l performs EXFP
efficiency and energy-efficiency by tlexpectedime elapsed else nodej+1 performs IMP
and number of bits transmitted between ngdand j+1 until

nodej has been acknowledged. We denote these quantitiesty Energy-efficient Opportunistic Acknowledgement

t.p andb, a for acknowledgement scheme A respectively. _ _ : )
5 s As in Section IV-A, we can obtain the expressions for

A. Latency-efficient Opportunistic Acknowledgement b;Imp andb; xp as follows:

Based on the mechanisms of IMP and EXP, we obtain the bp +bplpj—1(bp) — pj(ba)] + bap;(bp)

expressions fot, \p andt; gxp as follows:

ToIMP 1+ p3(ba) b EXP
t. = : t t 2tp)p; (b s 1—p;b
3,IMP 2 1—p§(b,4) +[ Dtta+ P]pj( D), p]( A)
To.EXP 1 + p3(ba) Hence, we expect the IMP scheme to be more energy-efficient

t, =
JEXP CR—

2EbA) - tDpj(bA)'

b, = y
],lMP 1_pj(bA)

bp +ba[l +pj(ba) — p3(ba)]

over hopj if the following condition holds:

Hence, over hop, we expect the IMP scheme to perform

better in terms of latency-efficiency if the following cotidn

Using the same assumptions as in Section IV-A, the above

bjIMP < 0; EXP-

holds: condition can be expressed in terms of the system parameters
tIMP <t EXP: as follows: .
A«
If we assume thap;(b) ~ b p; andp?(ba) << 1 (valid for pj < w2 e (2)

p; <<1), the above condition can be expressed in a simple

form as follows: Using Eq. (2), we propose another opportunistic acknowl-
‘s edgement scheme, HYB-ENE, that improves energy efficiency

=pj. (1) using the following rule:

tp+ta+2tp)bp +toba Rule 3: Whenever a relay node-1 receives a packet from

Based on Eq. (1), we propose an opportunistic acknowledg@dej, it operates according to the following:

ment scheme, HYB-LAT, that exploits the spatial variance

of acoustic channels to improve latency-efficiency using th It p; >p¢, nodej+l performs EXP

following rule: else nodej+1 performs IMP

Pj<(



C. lllustration of Opportunistic Acknowledgement Schemes[10~¢, 1072] [11] for acoustic channels and also includes

To illustrate the operating region of our proposed oppo@f’ p) as given in_ the LHS of Fig. 2. )
tunistic acknowledgement schemes over any hop, we considef N results obtained far=6 andbp = 2 Kbits are shown

a multi-hop acoustic communication channel with systefl the RHS of Fig. 2 and Fig. 3, alongside the corresponding
parameters as given in Table I. values of f;, p;) used by the HYB-LAT and HYB-ENE

schemes respectively.
As expected, the performance of each scheme is degraded

System parameters (bits) | Value as the channel quality is worsened. #®mnd 7., we observe
bp (kbits) 14 that there exists arossoverpoint (denoted by*) for which
b, (kbits) bp/20 IMP outperforms EXP when channel conditions are better (
¢ (m/s) 1500 < p*) and vice versa. Since HYB-LAT and HYB-ENE select
! (m) 200 IMP when channel conditions are better and EXP otherwise,
r (kbps) 37 optimal performance can be achieved with HYB-LAT (HYB-
ENE) if p; = p* (p} = p*). In fact, we observe thaty ~ p*
TABLE | and therefore, HYB-LAT gives thbestperformance in terms
Parameters to illustrate and evaluate the performance of Stop and Wait ~ of (B, T,.) for the range of channel conditions considered.
ARQ protocols over the multi-hop acoustic systems in Fig. 1. On the other hand, such a crossover point does not exists

for the metricT,;, and IMP delivers the packet within a shorter
duration than EXP under all channel conditions. This is ex-
Using Eq. (1) and (2), we plotpf, p;) againstbp in pected sincd; depends only on the per-hop transmission and
the LHS of Fig. 2. We observe thatf > p;, and we can propagation delay and independenof the acknowledgement
identify three operating regions in terms ofy(, p,) described scheme employed. Since an ACK packet is piggy-backed to
as follows: each data packet with EXP, it incurs a larger transmissidayde
« RI: Apply IMP (tp+ta) compared with IMP #p) and therefore, each packet
In this region, the opportunistic acknowledgemerwill be delivered quicker with IMP. Hence, while HYB-LAT
scheme selects IMP to achieve better performance @0 gives the best performance in termsigfwhen channel
terms ofboth latency- and energy-efficiency. conditions are good, there is a trade-off between the nsetric
« RII: Apply EXP T, and B, T.) when channel conditions worsen.
In this region, the opportunistic acknowledgement
scheme selects EXP to achieve better performanceén
terms ofboth latency- and energy-efficiency. )
« RIll: Trade-off between latency and energy-efficiency Next, we consider a more realistic spatiallgriant (i.e.,
In this region, the preferred acknowledgement schemg=~ p;) one-dimensionab-hop acoustic channel, whepe is
depends on the relative importance of latency- anghiformly distributed in the interval-0.4x 10°, p+0.4x 10°],
energy-efficiency. If the objective is to improve latencywherep is the mean BER over the-hops. The corresponding
efficiency, EXP should be applied; otherwise, IMP shoultksults of Fig. 3 for the spatially-invariarandomchannel are
be applied for better energy-efficiency. plotted in Fig. 4.
Finally, we extend the one-dimensional string topology in
Fig. 1(a) to two dimensions, where several one-dimensional
We compare the performance of our proposed opportunmum-hop communication channels converge to a common
tic acknowledgement schemes against the traditional nciink to form a two-dimensional network, as shown in Fig. 1(b)
opportunistic IMP and EXP schemes fot-® ARQ in terms With such a topology, the channel quality is likely to degrad
of (Ty, B, T.) for the multi-hop acoustic communicationtowards the sink due to convergence of data delivery near
systems in Fig. 1 using the parameters defined in Table I. the sink. Accordingly, we define a suitable spatialBriant
linear channel model with mean BER over the channepof
A. Spatially-invariant channel as follows:

Spatially-variant channel

V. NUMERICAL RESULTS

We consider a one-dimensionahop acoustic channel that . n
is suitable for long-range sensing / surveillance appibcet pj=p+02x107"-(j - fﬂ)-
as shown in Fig. 1(a). We assume that the channel is spatially
invariant (i.e., BERp; = p), simulate the delivery of a single The corresponding results for the spatially-variant linea
data packetyp Kbits) and evaluatel(;, B, T.) averaged over channel are plotted in Fig. 5. Similar trends are observed
10000 runs. between the spatially-invariant and spatially-varianarahels

To demonstrate the effectiveness of our proposé€doth random and linear), with the HYB-LAT acknowledge-
opportunistic acknowledgement schemes, we considaent scheme giving the best performance amongst all the
5x10-<p<5x10~° which is within the typical interval schemes considered.
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V1. CONCLUSIONS ANDFUTURE WORK tency and energy efficiency than traditional non-opposgtini
. . ﬁchemes for both one and two-dimensional multi-hop acousti
Underwater acoustic networks are envisaged to be t

enabling technology for oceanographic data collectiotiupo channels.

tion monitoring, offshore exploration and tactical suhegice th'Wht”ed W?h have C(:ns!dte_red ksmglle g)acket 'Etranr?mssmns :?
applications. Although reliable and efficient communigati IS study, the opportunistic acknowledgement scheme reay

protocols are in place for terrestrial networks, they cann pplied for transmission of a group of packets [9].t0 achieve
be directly employed in underwater environment due to t ﬁgtter performance. In addmon, we -also plan to Incorpeorat
unique characteristics of underwater acoustic channels as this scheme for the comparison of asingle path routing sehem
higher bit error rates and larger propagation delays. Asalie with ARQ and a multi-path redundancy routing scheme for the

packet losses are significant, and the design of efficient Aﬁlétual sink architecture proposed in [12].
schemes to ensure reliability through packet retransomissi
and acknowledgements is important. REFERENCES
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pap prop pp 9 ] 1. F. Akyildiz, D. Pompili, and T. Melodia, “Underwater @ustic Sensor

ment scheme Su?ted f_or Stqp and Wa_it ARQ protocols ant” yemworks: Research Challengeg/sevier Journal of Ad Hoc Networks
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