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Abstract

In this paper, we investigate the multi-channel MAC problemunderwater acoustic sensor networks. To
reduce hardware cost, only one acoustic transceiver is giteferred on every node. In a single-transceiver multi-
channel long-delay underwater network, new hidden terhgirgblems, namely multi-channel hidden terminal and
long-delay hidden terminal (together with the traditionallti-hop hidden terminal problem, we refer to them as
“triple hidden terminal problems”),, are identified anddid in this paper. Based on our findings, we propose a
new MAC protocol, called CUMAC, for long delay multi-charinenderwater sensor networks. CUMAC utilizes
the cooperation of neighboring nodes for collision detettiand a simple tone device is designed for distributed
collision notification, providing better system efficienafnile keeping overall cost low. Analytical and simulation
results show that CUMAC can greatly improve the system thihpuit and energy efficiency by effectively solving
the complicated triple hidden terminal problems.

. INTRODUCTION

Recently underwater acoustic sensor networks have retaivapid growing interest both in academia
and industry [9], [3], [16], [7]. However, due to the uniqueacacteristics of underwater acoustic channels
(limited available bandwidth, long propagation delays arténsive time-varying multi-path effects, etc.),
building underwater sensor networks encounters grandectygds at almost every level of the protocol
stack, among which efficient medium access control (MAC)rie of the most fundamental issues.

In this paper, we propose a new multi-channel MAC protocoldag delay underwater sensor networks.
Although many previous studies [14], [10], [18], [6], [219dus on single-channel networks, the multi-
channel technology has been shown more promising [20], [88][27], [19], [22] in both terrestrial and
underwater networks. Further, recent acoustic commuaitatdvances [11] make it possible to utilize
multiple channels in underwater networks. “AquaNetworkidam from DSPCOMM [2], for example, is
such a product that could be purchased off the shelf. In shoth the academia and industry are ready
to move on to the multi-channel approach.

Before we can fully enjoy the benefits of the multi-channehteology, however, some critical issues
should be noticed and solved. Firstly, MAC protocols forgégachannel networks can not be directly used
in multi-channel networks because of their low efficiency4][420], [17]. Secondly, the high expense of



underwater transceivers (usually several hundred to #ralidollars each [4]) make the multi-transceiver
based MAC protocols [27], [8], [24] very costly. Lastly, threle hidden terminal problems (which include

two new problems: multi-channel and long-delay hidden teaiproblems and the traditional multi-hop

hidden terminal problem, to be discussed in Section Il) iehein the single-transceiver multi-channel
long-delay underwater environment should be well addesaé&thout careful design, these problems can
greatly degrade the overall system performance. In sumnttagynew multi-channel long delay network

scenario calls for innovative solutions in the MAC layer.

In this paper, we propose a protocol, called Cooperativeedmater Multi-channel MAC (CUMAC), for
long-delay underwater sensor networks. By using a singlestieiver, we can alleviate the budget burden
of the underwater system. Our work is the first to identify thple hidden terminal problems i.e. multi-
hop, multi-channel and long-delay hidden terminal prohlénat are inherent in the single-transceiver
multi-channel long-delay network scenario. We solve thasaplicated problems with the introduction of
a cooperative collision detection scheme. An inexpensive tdevice (as in [21]), is adopted to further
improve the system efficiency. Our CUMAC solution featurew Icost, high network throughput, low
energy consumption and on-demand channel assignment. |&uorscare backed by both analysis and
simulation results.

The rest of this paper is organized as follows. In SectiorwH, discuss the triple hidden problems .
Then in Section Ill, we present the system model. After that,describe and analyze CUMAC in detail
in Section IV and Section VI. Simulation results are presdrih Section VII. Finally, we review some
related work in Section VIII, followed by our conclusionsdafuture work in Section IX.

[I. TRIPLE HIDDEN TERMINAL PROBLEMS

RTS/CTS based multi-channel MAC protocols have been exielgsresearched for terrestrial radio
networks [24], [8], [17], [15]. In these studies, the comnwmation link is divided into one control channel
and multiple data channels and channel assignment is ateshinto the RTS/CTS handshaking process
on the control channel. For single-transceiver multi-ct@rong-delay underwater networks, however,
these approaches are not efficient, because, except foratffiidnal multi-hop hidden terminal problem
for the single channel network, they will suffer from two néwden terminal problems that are inherent
in the new network scenario: multi-channel and long-deliayglén terminal problems.

A. Multi-channel Hidden Terminal Problem

Multi-channel hidden terminal problem was firstly discaein [20] for nodes with single transceivers.
If each node has only one transceiver, it can work either enctbntrol channel or on a data channel,
but not on both. This essentially causes the multi-chanigelem terminal problem. As shown in Fig. 1,
when nodex and nodeb do handshaking on the control channel, nedend noded are communicating
with each other on data chanriel Thus, node: and noded do not know the channel that is selected by
nodea and nodeb (i.e. data channel). Later, when node wants to send a data packet to nafjet
initiates a handshaking process on the control channeteSwoded does not know that channélhas
been used by others at this time, it may select the same chanddhus create a collision.

Multi-channel hidden terminal problem can be solved by hgwne dedicated transceiver listening on
the control channel continuously and thus, at least twostraivers are needed on every node. Because
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of the high expense of underwater acoustic transceivers,quite costly to equip multiple transceivers
on each node. To reduce system cost, our CUMAC solution tauaethe network scenario where there
is only one acoustic transceiver on every node .

B. Long-delay Hidden Terminal Problem

The long propagation delays of the underwater acoustic redaimtroduce another kind of hidden
terminal problem. As shown in Fig. 2, at the beginning, alle® are listening to the control channel.
Nodea starts its handshaking process with ndden the control channel and then selects channfelr
communication. Later, nodeand nodel also negotiate on the control channel for their data trassion.
Let us assume the CTS message from nb@erives at nodel after it selects its own data channel and
sends its CTS message back to nedén this case, nodd does not know that the channel has already
been used by node It may select channdl to communicate with node and thus create a collision. We
call this delay-related hidden terminal problem as “lorjagt hidden terminal problem”. This problem
is usually negligible in terrestrial radio networks due e thigh propagation speed of radio signal. For
long-delay underwater acoustic networks, however, thiblem has to be well addressed.

In short, new solutions are demanded in order to effectigelye the triple hidden terminal problems
in single-transceiver multi-channel long-delay undeexatetworks. Our CUMAC protocol is proposed
to tackle these new challenges.

[1l. SYSTEM MODEL

In this paper, we use the following multi-channel underwaigoustic network model:

« There are multiple channels in the network, with each chiaha&ng equal bandwidth. One control
channel is dedicated for control message exchange. Otlagmels (i.e. data channels) are for data



transmission. Every node knows the common control chameelistens to it when there are no data
to send or receive.

. Each node has only one acoustic transceiver, which can dgalynswitch to different channels
including control channel and data channels. Further, eade is equipped with an inexpensive out-
of-band tone device which can send and receive tone sigmailgs to the tone hardware in [21]).

« For the ease of presentation and analysis, we use a circaf@mtission rang& for each node. Two
nodes do not interfere with each other if their distance igdathanR. The propagation speed of
the acoustic signal is. And thus, the maximal propagation tinfiéfor the acoustic signal from a
node to reach its transmission range eqdv%tISf a node receives signal from more than one nodes
simultaneously on the same channel, a collision happengackkts get lost.

« Every node is assumed to know its own location informationsbyne localization protocols. This
is a reasonable assumption since localization is also delegaetworking functions such as Geo-
routing [25] and applications such as environmental momtp[5], [9], [12].

V. PROTOCOL DESCRIPTION

In this section, we first give an overview of CUMAC, and then present the two key techniques it
employs: cooperative collision detection and tone pulspisece. After that, we discuss how CUMAC
effectively solves the triple hidden terminal problems.

A. Protocol Overview

In CUMAC, when a node has packets to send, it will initiate argtel negotiation process which
consists of a RTS/Beacon/CTS control message exchangesaotitrol channel. During this process, the
receiving node cooperates with its neighboring nodes fanokl selection and collision detection. After
a data channel has been successfully selected, both thersamd the receiver switch to the selected
data channel for data transmission. Therefore, CUMAC cadi\aded into two phases: RTS/Beacon/CTS
Channel Negotiation and Data Transmission. We brief eacslas follows:

« RTS/Beacon/CTS Channel Negotiation: Upon data to send,de ficst sends a RTS message out,
which includes some useful information such as its avasl@aita channel set, on the control channel.
After receiving the RTS message, the receiver will selecata @¢hannel based on the received RTS
message and its own perceived channel conditions. Thero#@dbasts @eacon messagen the
control channel and seek the cooperation from its neighigarodes for collision detection. We term
this technique asooperative collision detectio(to be descried in Section IV-B). The receiver will
then start a timer and wait for the responses from its neighthiono collisions are detected before the
timer times out, the receiver sends a CTS message back tertkersto inform it of the data channel
that has been selected. Otherwise, the receiver selediseardata channel and broadcasts a beacon
message again, performing another round of cooperativesiool detection. Note that in a dense
network, the multiple responses from neighboring nodes e®isily congest the control channel. To
overcome this problem, CUMAC employs a technique caltet pulse sequenaeth the assistance
of an out-of-band tone device on each node. This techniqliediscussed in Section IV-C.

« Data Transmission: This phase of the protocol is quitegittéorward. After a successful RTS/Beacon/CTS

channel negotiation process, both the sender and the ee@aiitch to the selected data channel for
data transmission. Afterwards, both of them will switch lb&ég the control channel.



B. Cooperative Collision Detection

1) Basic Idea:In CUMAC, a cooperative collision detection scheme is desijto alleviate the hidden
terminal problems discussed in Section Il. In this schenegghiboring nodes cooperate with each other
to select a suitable data channel and detect potentiabriB on the selected data channel. The key idea
of cooperation is the following: Since a node will listen teetcontrol channel if it does not have data to
send or receive, it can obtain the channel usage informatiots neighboring nodes by overhearing the
control channel, and such information can be effectiveleilaged by other neighboring nodes to detect
any potential collision.

Taking Fig. 3(a) as an example. While nddes sending data to nodeon data channel 1, nodetries
to communicate with nodé and sends a RTS message to it. After nddeceives the RTS from node
s, it selects a data channel (e.g. chanheivhich is deemed to be free by itself at this tiheNode d
then broadcasts a beacon message on the control channéro its neighboring nodes of the channel
it will use for data transmission. However, since both nédend node: are on data channél they can
neither hear the beacon message from noéa& the control channel nor tell nodeabout the potential
collision on data channdl. Fortunately, as shown in the figure, some of the neighbanwdes of both
nodeb and noded might know the status of data chanrieby overhearing the messages on the control
channel. For example, in Fig. 3(a), noddas a neighbor of both node and noded. And a knows that
data channel has been used by the communication between aade node through overhearing their
handshaking process. Thus, when nadkears the beacon message from nddé& can notify noded
of the potential collision on data channkl In a dense network, such a cooperative collision detection
scheme is expected to be quite effective in suppressing thig-channel hidden terminal problem. As
the example in Fig. 3(a), node nodea and nodeh can all judge the possible collision on data channel
1, and any of them can inform nodgto avoid the collision.
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Fig. 3. Cooperative collision Detection: (a) The basic idea; (Walid multi-hop scenario; (c) Problem with tone signal

To put this cooperative collision detection idea into pisthowever, two critical problem$geteroge-
neous collision regiorand redundant collision notificationneed to be addressed.

2) Heterogeneous Collision Regiom a multi-hop network scenario, the collision region of gveode
is different. Then how can a node tell there will be collisoon its neighboring nodes? For example,
as shown in Fig. 3(b), node knows that node: and nodeb are using data channél and it later

INode d might miss the handshaking process between rioded nodee because of the single transceiver architecture and thuset d
not know that channel has already been used.



receives a beacon message from nddmying data channélis selected for data transmission. Fig. 3(b)
shows us that these two communication pairsafd b, s and d) are far enough to use data chanmel
simultaneously without collision, which is quite diffetefnom the case in Fig. 3(a). However, how can
the cooperative node (nodein the examples) identify different situations? We termstproblem as
heterogeneous collision region problem

In CUMAC, location information of each node is needed anddde included in the control messages
such as RTS/Beacon/CTS. Thus, a node can obtain the losati@f its known data senders and receivers.
Then, it can calculate the distances between these nodepdgel whether collision among them will
happen or not. For example, as in Fig. 3(a), nadknows the locations of nodes d, b and e by
overhearing the control channel. Nodethus can calculate the distances between these nodes and find
that nodeb and noded are close enough to interfere with each other.

3) Redundant Collision Notificationn a dense network, it is possible that multiple neighbonioges
perceive the same collision event, which stimulates alhefht to notify the ongoing communication pair.
Multiple collision notification messages thus might be gated. For example, as shown in Fig. 3(a),
besides node, nodesc and & might also find the potential collision on data chanhednd will notify
noded. Apparently, it is unwise to transmit all these notificatimessages on the control channel directly
since these messages will overwhelm the channel. This igiificantly increase the collision probability
of the control channel and degrade the system performahegefore, such redundant collision notification
should be suppressed.

To address this problem, in CUMAC, an out-of-band tone devwicrequired on each node and it is
used for the collision notification purpose. The simplesthrod is that if a node detects collision, it sends
out a tone signal for notification. However, such a naive metdoes not work in the multi-channel
network scenario. As multiple data channels are used coemtly, multiple tone signals might exist
simultaneously, Then how can a node with only one tone deshiferentiate multiple tone signals for
different channels and different communication pairs? &@mple, as show in Fig. 3(c), node and d;
are trying to communicate with each other on data chamnnhd nodes, andd, are planning to use
data channe? at the same time. BothH; andd, send out a beacon message to ask for help from their
neighbors. At this time, node finds collisions on data channgland then it will send its tone signal out
to inform noded;. However, at the same timé€; is also waiting for the response from its neighboring
nodes and it can also receive the tone signal for nbddecause tone signals cannot be decoded, how
can noded, know that the received tone signal is not for it? In CUMAC, wé&aduce the technique of
tone pulse sequende solve this problem.

C. Tone Pulse Sequence

1) Basic Idea: Tone pulseis defined as a short tone signal aode pulse sequencés a sequence of
n periodic tone pulses, whereis a predefined system parameter. In CUMAC, a node who hastddte
collision on a data channel will send out a tone pulse sequah@ specific time. With careful design,
tone pulse sequences destined for different nodes willeaat a node at different time. If a node knows
the schedule of the tone pulse sequence destined for itisisliftode can pick its tone pulse sequence out
and make a correct decision.
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In CUMAC, a node, say, which has received a RTS and selected a data channel foatdasreceiving
will first broadcast a beacon message, on the control chamhed beacon message includes this node’s
location information and the periodicity of its tone pulse sequence. Nodehen listens for the tone
pulse everyr; starting from the time it sends its beacon message out. Andefiee these time points
where node listens for the tone pulse as tlaetection pointsof node:. For example, if node sends
its beacon message out at timethent; + k7;,1 < k < n are its detection points.

After a neighboring node receives a beacon message, it sillfstimate whether there will be collisions
based on the beacon message and its perceived data chandiéloos. If a neighboring node detects
a collision, based on the location information, it will callate the time to send its tone pulse sequence
in order to make them arrive at nodeon the expected detection points. For example, if the distan
between nodeé and a neighboring nodgis d;; and at timet; nodej receives the beacon message, then,
at timekr; — 2% +t;, (k= 2(2%1), node; will send out its first tone pulse, wheteis the propagation
speed of the underwater acoustic signal. After that, npeell send out its tone pulse every until n
tone pulses (i.e., a tone pulse sequence) are sent out.

Tone pulses from different sources destined for the same mall arrive at the destination on its
detection points. If multiple tone pulses arrive at the same, they add up and the destination can
detect the existence of the tone pulses. Since the durafian tone pulse is small and every node
randomly chooses the periodicity for its tone pulse seqeethe probability that the tone pulse sequence
destined for one node overlaps with the tone pulse sequetestmed for another node is quite small.

For example, as shown in Fig. 4, nodeand nodec select channel and 2 respectively for data
receiving. And they send out beacon messages to inform beigly nodes of their selected channels.
Both nodee and f find that channel is not available and send out tone pulse sequences back & nod
b. Since nodé’s location is known bye and f through its beacon messageand f can calculate the
time to send their tone pulse sequences out. And as shownsitighre, the tone pulses from different
neighbors (node and f) will arrive at nodeb at its detection points. From Fig. 4, it is clear that the tone
pulse sequences from nodeand f arrive at node: at times different from the detection points of node
c. Thus, node: will not mistake the tone pulse for nodeas its own.



Fig. 5. Strength of tone pulse sequence

2) Why Tone Pulse Sequencdd: CUMAC, multiple tone pulses (a tone pulse sequence) aegledk
to reduce its error probability. As shown in Fig. 5, nodend nodec send out their beacon messages
and nodeb finds potential collision for node. While for nodec, no potential collisions are detected on
its selected data channel. Although the tone pulse thatnistseb at timet, + 7, — t,, arrives at node
a at timet, + 7,, it arrives at node: at timet. + 7., which happens to be a detection point of nedét
is clear that if node: makes its judgment simply based on this single tone pulssilliitmake a wrong
decision.

Therefore, in CUMAC, every node which has detected possiblisions for node: will send outn
tone pulses (a tone pulse sequence) periodically accotdiitg received periodicity; to let them arrive
at node; at its detection points. With high probability, differenbaes will have different;. Thus, it is
highly unlikely that alln tone pulses destined for one node fall on the detection pahbther nodes.
For example, as shown in Fig. 5, although the first tone puéstiked for node: falls on one detection
point of nodec, the second tone pulse does not, which prevents the ernar iappening on node In
Section VI, we will analyze the false alarm and false apprpvabability of our protocol.

Because of the space limit, we omit the implementation @etdiour CUMAC in this paper. Interested
readers can refer to our technical report [26].

D. Discussions

With the import of the RTS/Beacon/CTS handshaking procesisthe cooperative collision detection
scheme, CUMAC can greatly alleviate, if not eliminate, tiglé¢ hidden terminal problems. As the
traditional multi-hop hidden terminal problem (which haseb well studied in the literature) can be
easily addressed by a typical RTS/CTS handshaking progeske following, we mainly discuss how
CUMAC handles the two new hidden terminal problems: muiutnel and long-delay hidden terminal
problems.

First, the multi-channel hidden terminal problem is causgthe incomplete channel usage information
available to each node, which is the result of the singlestaiver architecture. In CUMAC, the cooperative
collision detection scheme asks for help from neighboringes. Collisions on the data channels can
only happen when all neighboring nodes do not perceive tharedl condition correctly, which is highly
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unlikely in a dense network. Thus, the multi-channel hiddemminal problem is greatly suppressed in
CUMAC.

Second, the long-delay hidden terminal problem originftas the fact that the long propagation delays
of underwater acoustic channels prevent nodes from getfptiated data channel conditions timely. In
CUMAC, the RTS/Beacon/CTS handshaking process effegtisddresses this problem. Before a data
channel is used by a node for data communication, this noderéserves this channel and sends a
beacon message out to inform the neighboring nodes. Ordy aftighboring nodes get this information
and agree, this channel can be used. Thus, the long-deldgrhigrminal problem is also alleviated.

V. PROTOCOL DETAILS AND IMPLEMENTATION

In CUMAC, a data channel might be in the following three state

« Free: this channel is free and can be used or reserved.
« Reserved: this channel is reserved by some nodes for dakatpaansmissions.
« Busy: this channel is busy in transmitting data packets.

Every node will maintain a channel usage table to record sage information of data channels. Every
item in the channel usage table records some useful infomaf a data channel such as the channel
status, the length of its data packet, the source node, tendion node and their locations. As shown
in Fig. 3(b), it is possible that a node(for example, neda Fig. 3(b)) might perceive multiple non-
interfering communication pairs on a data channel in itgineoring area. These pairs should be recorded
as different items in the channel usage table. Thus, melitems might exist in a node’s channel usage
table for a channel.

At the beginning, no data channels have been used and alelsaare in free status. Thus, the channel
usage table of every node is empty. When a node has packetadpissends a RTS message out, which
includes its available channel set, it location and data length. The available channel set of & nod
consists of the free data channels which do not appear inhasrel usage table. When the intended
receiver, let's say node receives the RTS, it selects one channel randomly frominteesection of its
own available channel set and that of the source node whidongained in the RTS message. Then,
Node i sends a beacon message out, which includes the selectedethtre data packet length, the
ids and locations of the sender and the receiver. The peripdifiits tone pulse sequence, which
has been discussed in Section IV-C, is also included in tlaedre message. After that, nodenserts a
corresponding item in its channel usage table and sets @menehin the reserved status.
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The receiver (node) then waits for the tone pulses and sets a timer which wilirexafter 27" + nr; ,
whereT' is the maximal propagation delay. If less tharione pulses are received at its detection points
before it times out, this node believes that there will be olisions on the selected data channel and will
send a CTS message out. The CTS messages includes thedsdlaztechannel, the data packet length,
the locations as well as thés of the sender and the receiver. The packet format of allrcbntessages
is shown in Fig 6. Node also changes the corresponding item in its channel usaggetabusy. Then,
this node will switch to the data channel. After receiving TS message, the data sender also switches
to the data channel and transmits its data. After the datsmmession, both of the sender and the receiver
will switch back to the control channel.

If » or more tone pulses are received on the detection pointseofdteiver before it times out, the
receiver will delete the corresponding item in its chanregige table. Then it selects another channel and
repeat the above process. Afterchannel selection trials, if this node still can not get ahtighannel
which is approved by all its neighbors for data receivingyivies up and will not send beacon messages
out any more. On the other hand, when the sender times outceivireg CTS message, it will randomly
backoff for some time and resend a RTS to the receiver. Thenapbackoff strategy is beyond the scope
of this paper and in our simulation, we adopt the exponebtakoff strategy.

A node who receives a beacon message correctly detectsevtetfisions will happen on the selected
data channel based on its own channel usage table. If ngioallis detected between this communication
event and other perceived communication events, a new itéhbevinserted into this node’s channel
usage table and set its status to be reserved. If a collisioletected between this communication event
and other on-going data packets (i.e. busy items in the saifeinnel usage table), this node will send out
a tone pulse sequence to inform the corresponding recaiveelect another channel for data receiving.
If this communication event is predicted to collide with ethn-negotiation transmission events (reserved
items in the node’s channel usage table), this node will @ephe new communication event with the
existing colliding ones. The one who sends out its beacorsagesfirst will be deemed to be effective.
This node will then send tone pulse sequences out to notéyntim-effective communication pairs and
delete the corresponding items in its channel usage table.

If an item in the channel usage table corresponding to theivec: has been in the reserved status for
more thar2T + nr; and its CTS message has not been received, this item will leéede When the CTS
message is received, this item will be changed to the busyssth should be noted that the RTS/CTS
message includes the length of the subsequent data paskéth, indicates how long this channel will be
occupied for data transmissions. Every node who has retéiaeCTS message will set the corresponding
item in its channel usage table to the busy status for the@g@dar the data transmission and then delete
it.

After a receiver sends its CTS to the sender and switchesetadlected data channel, it will start a
timer which will expire after2T. If it does not receive any data from the sender before it siimet, the
CTS message might get lost and the receiver switches badketadntrol channel. It then deletes the
corresponding item in its channel usage table. After thawill broadcast aBREVOKE message out to
cancel the channel reservation. The REVOKE message is the aa the Beacon message except that
the last tow fields are set to null. This receiver then resglanother data channel and sends out a new
beacon message. neighboring nodes who receive the REVOISEage will check its channel usage table
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and delete the corresponding item.

One example of the process of CUMAC is shown in Fig. 7. Herelenowants to send a packet to
nodeb. And at this time, node and noded are also listening to the control channel. Nadérst sends
out a RTS message toand afterb gets RTS message, it will select a channel(e.g. data chanraid
send a beacon message out. Then, node b inserts a new itemdat@channel 1 in its channel usage
table and set its status reserved. After no@mdd receive the beacon message, both of them judge there
will be collisions on the selected data channel and will seatitheir tone pulses at the specified time.
The tone pulses from nodeandd will arrive at nodeb at its detection points. Thus, not&nows that the
selected data channélcan not be used. Nodethen deletes the corresponding item about data channel
1 from its channel usage table and selects another data dh@xgpedata channel). After receiving the
beacon message for data chanhdtom nodeb, nodec andd do not detect collision at this time. Then,
both nodec and d will insert a new item about data chanrieinto their channel usage tables. No tone
pulses will be sent out now. After some time, nddseends out its CTS message to inform nadthe
selected data channel 2. And finally, both nadendb switch to the data channel 2 for data transmission.

VI. ANALYSIS

As discussed earlier, CUMAC has effectively solved theléripidden terminal problems. However, the
benefits do not come without any cost. Two kinds of errda¢se alarmand false approval naturally
arise in the cooperative collision detection scheme. Is Haction, through analysis, we will show that
these errors are bounded and negligible compared to thditseoleCUMAC, esp. in dense networks.

For simplicity, we make the following assumptions. In théwwrk, nodes follow a uniform distribution
with a densityp. Thus in a 3-D underwater sensor network, the average neigldd a node i§7r3—mp. The
traffic of each node follows an identical independent (iidjsBon process with the parameterFor the
tone pulse sequence technique, we set the duration of tleeplaise to be,,. We denote the periodicity
of the tone pulse sequence for nodas 7;, andr; is in a range ofruin, Tmax] @and takes discrete values



12

amongTmi, + 2k X ty,, (0 < k < 's) , wheres = % with equal probability (we also use this setting
of 7; in our simulations).

1) False Alarm Probability: False alarrmeans that even though there will be no collision on the
selected data channel, CUMAC mistakenly believes thaethelt be collisions and asks for data channel
reselection. Clearly false alarm increases the traffic enctimtrol channel, which will degrade the system
performance.

In CUMAC, for a node (say node i) which has sent out its beac&ssage and is waiting for the
response from its neighbors, if it receivestone pulses which are destined for other nodes atits
detection points, nodéwill make a false decision and false alarm happens. To getpiper bound for
the false alarm, we assume that all neighbors of niodlee on the control channel (this is the worst case
because some nodes might be on the data channel and will raltledo send tone pulse sequences).
Since nodes are uniformly distributed in the network, theetpulses destined for other nodes arrive at
node: following a uniform distribution.

If another node, say nodg selects the same periodicity as that of ne@dad a tone pulse destined for
node; arrives at node at the detection point of nodg it is self-evident that the following tone pulses
for node; will also arrive at nodé ati’s detection points. If more tham tone pulses destined for noge
fall in the detection periods of node false alarm happens on nodeThe probability that nodé selects
the same periodicity of its tone pulse sequence as that ¢ hedll be 1/s since every node selects the
periodicity for its tone pulse sequence independently. Ared probability that a tone pulse destined for
node; arrives at node on the detection point of nodewill be 2% Thus, we can get the probability
Pp,; that node: makes a false alarm based on the tone pulse sequence whiestiisedl to another node
j as

1 21,
= g(l —(1- o

Since we assume that the input traffic for every node followgdentical independent Poisson process,
the probabilityP(k) that there aré: other ongoing channel negotiations which might interferth wode
7 can be written as

Py )smP) @)

(3mR3pAAT )
k!
whereT is the maximal propagation delay. Since in CUMAC, every nseleds out its beacon message
and chooses the periodicity of its tone pulse sequence amdkgmt of others, we can get the upper bound
of the probability of this kind of false alarn®?z as

Pk) = e~ (GrIoPMT) )

o0

Py =3 (1 (1 Py,)")P(k) 3)

k=1
The above false alarm is brought about by the tone pulse sequkestined for another node. In practice,
however, it is possible that multiple tone pulses destimediifferent nodes happen to arrive at nadan
its n detection points, which also leads to false alarm. By assgrthat all neighbors are on the control
channel, we can approximately derive the upper bound of tbbability for this kind of false alarnP,.
If there are othek on-going channel negotiations in the neighborhood of np@g¢ most§WR3pk tone
pulse sequences will be generated. Bé#\| K = k) to be the probability that nodemakes this kind of
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false alarm under the condition that there are othehannel negotiations in progress.

LnR3kp  2lip g 2l \ 4 pgp_t
PAIK=k)=1- 3 1— gmHkp 4
(AlK = k) ;cl<nm ki ©)

Since the input traffic of every node is assumed to be iddntickependent Poisson process, we can get
Py=) P(K =Fk)P(AK = k)
k=1

_ - (%WR?’P)AT)k o~ 3R} PMT
k!

X

B
Il

0
i 2t 2t :
(1= DG (1 - Syt )

T
I<n v

Thus, the overall false alarm probabilify;, can be got
Pp < Py+ Pp (6)

Our simulation results in Section VII show that the falseral@robability under normal network conditions
is very small, usually less thainl.

2) False Approval Probability:False approvalmeans that although there exist potential collisions on
the selected data channel, CUMAC fails to detect them, whidlly results in the collisions on the data
channel. Since data packets usually are much longer thanotg@ackets, collisions on the data channel
will lead to relatively high resource (such as bandwidth andrgy) wastage.

Due to the use of a cooperative collision detection schem€UMAC, a false approval only happens
if no neighbors oppose to a false decision. We denote theapitity that a node stays on the control
channel ag. and its average collision probability on the control chdrase..;. A neighbor can correctly
receive a control message only if it is on the control charar&l does not perceive collisions on the
control channel. And the probability of such an evenpigl — p.,;). Only if a neighbor can receive the
beacon/CTS messages correctly from both colliding comoatian pairs, it can detect collisions. Thus,
the false approval probability;, is

an RS
Ppy = [1 = (pe(1 = Peat))?] 5 *. (7
Now we estimate the probability of.. For one data packet transmission, averagely, at ast
times of RTS/Beacon/CTS exchange need to be performed, \arg BTS/Beacon/CTS exchange will
take at leasttT’ + t,.s + tas + ty, Wheret,.,, t.s andt, are the transmission time for a RTS, CTS and
beacon message respectively. Then we can get

m(ZlT + trts + tcts + tb) + %

pc 2 1 4T 1

T (4T +tyes +tews) Tt + 5 + i
wheretp is the transmission time for a data packet. H§ris included because a node will stay on the

control channel when it has no traffic (also recall that thmutrtraffic is a Poisson process with parameter

A). For the collision probability on the control channel,;, as in [8], by assuming,;; = t., = t, = t.,

(8)
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we can approximate aggregated traffic of RTS/Beacon/CT$hercontrol channel as a Poisson process
with parameter\ + 2(1 — p.,;)\. Then we can have

Peot = 1 — €~ 4ﬂ§3 /’(14‘2(1—pcol)))\tC7 (9)

which can be used to calculate,, numerically.

VIl. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our CUMAC simaulations.

A. Simulation Settings

Based on NS-2, UConn UWSN Lab has developed a simulationagaglcalled Aqua-Sim, for under-
water sensor networks [1]. We implemented CUMAC in Aqua-SBoth random and fixed topology
networks are investigated. Unless specified otherwisesithalation parameters are as follows. There are
8 channels in the network and the bandwidth of each channdtitod kbps. The propagation speed of
the acoustic signal i$500m/s. The transmission range of every node is set ta@@n. The length of
a tone pulse is set tdms. The periodicity of the tone pulse sequence for each nede & range of
[12ms, 60ms] and takes discrete values amot®+ 4k, (0 < k < 12) ms with equal probability. The
number of tone pulses in a tone pulse sequenck Bhe average data packet length3i¥ bytes. The
average transmitting and receiving power of the acousdicsteiver is set to beé.6 Watt and0.2 Watt.
And the idle listening power i8.02 Watt. Every simulation runs fo500 seconds and every data point is
the average ot00 simulations.

For comparison purpose, we implemented two other multirobh MAC protocols, random multi-
channel MAC protocol random schemdor short) and RTS/CTS based multi-channel MAC protocol
(RTS/CTS schenfer short).

« Random multi-channel MAC protocah this protocol, when a node has data to send, it first rangomi
chooses a data channel and then sends out a small contra@tpackhe control channel to inform
the receiver of its selection. After that, this node switche the selected data channel and sends
out its data packet immediately. If the receiver gets thetrobipacket correctly, it switches to the
data channel for data receiving. This random protocol idyaed for underwater acoustic networks
in [27].

« RTS/CTS based multi-channel MAC protodal:this protocol, if a nhode has data to send, it starts
with a RTS on the control channel to inform the receiver. Attee RTS been received correctly,
the receiver will send a CTS message which includes thetseletata channel back to the sender.
Both the sender and the receiver then switch to the seleatdathannel for data transmission. This
protocol is similar to the protocol in [24], [8] which is dgsied for terrestrial sensor networks and
analyzed in [27] for underwater acoustic networks.

For all three protocols, we measure two metriagerage network throughpwand average energy
consumption per byteThe first metric is defined as the average number of sucdlssfansmitted data
bytes per second. The second metric is obtained by divitie@verall energy consumption in the network
by the successful transmitted data bytes, which is measoredlli-joule per byte.
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B. Simulation Results

1) Results in random networksiWWe simulate a random network whed® underwater nodes are
uniformly distributed in a300m x 300m x 300m area. A sending node randomly chooses one of its
neighbors as the receiver.

Impact of input traffic: In this set of simulations, we change the input traffic of guesde from0.002
to 0.06 packet per second. As shown in Fig. 8, for all three protqdbls throughput increases rapidly
with the input traffic at first. And then, it decreases. Formegée, the throughput of CUMAC achieves its
maximal when the input traffic increases®4 packet per second. After that, because of the increasing
collisions in the network, the throughput decreases slomitir the input traffic. Fig. 8(a) shows us that
our CUMAC can achieve much higher throughput than the otlver For example, when the input traffic
is 0.03 packet per second, the throughput of CUMAC is abtif bytes per second. While that of the
other two is less tham00 bytes per second.

From Fig. 8(b), we can see that for all three protocols, theraye energy consumption per byte
decreases at first with the increase of the input traffic. Thibecause with the increase of the input
traffic, less energy will be wasted on the idle listening (ibke listening power consumption in our
simulation is0.02 Watt). However, with the increase of the input traffic, thélismn probability in the
network will also increase, which results in the degradatb energy efficiency. Fig. 8(b) also shows us
that CUMAC can achieve much higher energy efficiency thanatter two. For the random scheme, a
node sends its packets in a totally random manner. There method to suppress the collision in the
network. Thus, its energy efficiency is the worst. For the ITSS scheme, the RTS/CTS exchange before
the data transmission reduces the collisions on the datanelato some extent. However, the RTS/CTS
scheme suffers from the multi-channel and the long-deldgdm terminal problems which are inherent
in the single-transceiver multi-channel long-delay umagger network. As for CUMAC, its cooperative
collision detection scheme along with the tone pulse sexpienechanism suppresses the triple hidden
terminal problems efficiently, which results in higher thghput and better energy efficiency.

- # - RTS/CTS Scheme
—+— CUMAC
—&— Random Scheme

.....
_____

Average network through

0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Input traffic per node (packets per second) Input traffic per node (packets per second)

(a) Average network throughput (b) Average energy consumption per
byte

Fig. 8. Performance comparison with different input traffic

Impact of number of channels: In this set of simulations, we set the input traffic of everydado
0.02 packet per second and change the number of channels 4rtomi6. Without surprise, as shown
in Fig. 9, both the network throughput and the energy effigyeimprove with the number of channels.
This is because the more the data channels, the less thei@olprobability on the data channels since
the net input traffic to every data channel will be reducedweleer, the improvements on the system
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performance will slow down with the increase of the numbedath channels. This is because the system’s
performance is jointly determined by the control channel #tve data channels. With the increase of the
number of data channels, the system will be more constrdigele control channel. Thus, the impacts of
increasing the number of data channels become less andte&sther improve the system performance,
the bandwidth of the control channel should change dyndiyieath the network conditions, which is
an interesting research topic and will be studied in ourriituork.
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Fig. 9. Performance comparison with varying number of channels

Impact of data packet length: In this set of simulations, we fix the input traffic of every o 0.02
packet per second and change the data packet length2fiornytes to600 bytes?. As shown in Fig. 10,
in CUMAC and the RTS/CTS scheme, the network throughputea®es monotonically with the packet
length. This is reasonable since the longer a data packeteisnore data will be transmitted on the data
channels for a successful handshaking process on the tohaonel. Consequently a higher throughput
can be achieved.

For the random scheme, when the packet length is small (lss300 bytes), the network throughput
increases slowly with the packet length, but decreasesnadtds. This is because for the random scheme,
the length of data packets has double effects. On one hangeldaata packets may contribute to higher
collision probability on the data channels, which mightdeda the decrease of the throughput. On the
other hand, potentially, with longer data packets, oneesgfal data packet transmission contributes more
throughput than the case with shorter data packets. Wheavdrage length of data packets is short, the
second factor dominates the first, therefore the networdutjinput will increase. But with the increase
of data packet length, the first factor plays a major role dns the network throughput will decrease.

From Fig. 11(b), we can also observe that for all three pa&che average energy consumption
decreases with the increase of the average data packethlemgich means that the longer the data
packet, the higher the energy efficiency. Thus, in practieemay increase the length of data packets for
high energy efficiency.

Impact of tone pulse sequence lengthin this set of simulations, we change the number of tone
pulses in a tone pulse sequeneg from 1 to 5. Fig. 11 illustrates the strength of our tone pudequence
mechanism. For example, when the input traffi©.i$3 packets per second, the throughput for the system
with single tone pulse is only18 bytes per second. And by simply increasing the number of tone

2Here, the packet length does not necessarily mean the lefigthe data segment, it might be the total length of a seriesvafll data
segments. Here, we define the packet length as the total gtgs followed a control messages exchange
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Fig. 10. Performance comparison with varying data packet length

pulses in a tone pulse sequence to 3, we can improve the tipatigp more thari60 bytes per second.
And at the same time, the system’s energy consumptions @&e@ake. This is because our tone pulse
sequence mechanism can effectively reduce the false atatheisystem and thus reduce the unnecessary
re-negotiation on the control channel.

From Fig. 11, we can see that when the length of the tone pelggesice reaches some large values,
the system performance decreases slowly. This is becangbemne hand, when the length of the tone
pulse sequence is large, further increasing it cannot ioér much to the decrease of the false alarm in
the system. On the other hand, the duration for a RTS/Be@d@handshaking process in our CUMAC
increases slowly with the increase of the tone pulse seguiemgth, which contributes to the reduction
of the system throughput. It is clear in Fig. 11 that the bémefi our tone pulse sequence mechanism
is more significant when the input traffic is heavy. This issm@able since with the increase of the input
traffic, more RTS/Beacon/CTS handshaking processes wilhitiated on the control channel. This will
contribute to the increase of the false alarm probabiligngzquently, our tone pulse sequence mechanism
which aims to reduce the false alarm probability plays a niamgortant role in the system.
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Fig. 11. Performance comparison with varying tone pulse sequemggHe

False alarm and false approval probability: In this set of simulations, we change the input traffic
of every node fron0.002 to 0.06 packets per second. Fig. 12 shows that with the increaseeoingiut
traffic, both the false alarm and the false approval proiighiicrease. Compared to the false alarm, the
value of false approval is much smaller (almost 0). This mseduat in a network with relatively high
node density, the RTS/Beacon/CTS handshaking process dATJcan almost eliminate the collision



18

o
P
)

—+— Theoretical false alarm

- A - Practical false alarm
—&— Theoretical false approval
= ¥ - Practical false approval

o
o

Probability
° ° °
=Y =) o
= =) 3

=3
o
N}

o

0 001 002 003 004 005 006
Input traffic per node (packets per second)

Fig. 12. False alarm and false approval: analysis vs simulation:

@ Networknode ——  Traffic flow © Interference area

Fig. 13. A star topology multi-hop network

on the data channel, which results in high energy efficieAsyin Fig. 12, the false alarm probability is
low in most cases, usually, less that’%. To further improve the performance of our protocol, we can
dynamically adjust the bandwidth of the control channel toimize the false alarm probability, which
is another interesting research topic and is our future work

Fig. 12 demonstrates us that our theoretical analysisteesulSection VI can be safely served as the
upper bounds for both errors. Our upper bounds are tight vihennput traffic is low and they become
looser with the increase of the input traffic. This is becaumseur analysis, we assume that all nodes
are on the control channel, which can be approximatelyfsatisvhen the input traffic is low. However,
with the increase of the input traffic, more and more nodesra@ved in the data transmission on the
data channels rather than control channel, which cong#htn the untightness of our upper bounds in
the heavy traffic-loaded network.

2) Results in star-topology network#n this set of simulations, we configure a multi-hop star roetwv
topology as shown in Fig. 13, where notles the sink node. Nod8, 9 and 10 are the source nodes to
generate traffic towards node There aret channels in the network. A VBF-like routing protocol [25]
is used here to route the traffic as show in Fig. 13. Nodes insime interference area interfere with
each other. This topology is quite similar to the topologguard the sink node in a practical underwater
network. For this topology, we use the end-to-end througtpmeasure its performance, which is defined
as the average number of successfully transmitted dats Ipgtlesecond from the source nodes .9
and 10) to the sink node (node).

Fig. 14 demonstrates the advantages of CUMAC in such a peahatiulti-hop network environment.
The performance of the random scheme in this network is piher €nd-to-end throughput is almost 0)
and we ignore its results here. Compared to the RTS/CTS ssh€MAC can improve the end-to-end
throughput by almost0% with much higher energy efficiency. In this simulation, weabbserved that
although the simulated network is not dense (ohlynodes), it gets saturated when the input traffic
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of every source node is only abo0t05 packet per second. One of the main reasons for such a quick
saturation lies in the limited capacity of the sink node. é&jalthough the sink node works as the traffic
aggregator, it only has one acoustic transceiver. Whenitiken®de is communicating with one node, the
other nodes have to wait, which will greatly degrade theewsperformance. One way of solving this
problem is to equip the sink node with multiple acoustic $@@ivers if the extra cost is allowable. We
would like to explore this topic in our future work.

R B
joul)
-
&

N
)

B
- ® -RTS/CTS Scheme ’
—+— CUMAC .

.
.

S

sumption per bytes(mill j
[ERN
5 B

5

B R R o2 NN NN
kS ®

® o N
N ® ©

End-to-end througphut(bytes per second)
Energy con

.
v
’
’
’
’
,
-
-
-\

0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Input traffic per node(packets per second) Input traffic per node(packets per second)

o

(a) Average network throughput (b) Average energy consumption per
byte

Fig. 14. Performance comparison with different input traffic in thargopology multi-hop network

C. Summary

We have also conducted simulations to evaluate the perfarenaf our CUMAC with other parameters
such as the average packet length and the number of dataethanrmifferent network settings. Due to
space limits, these results are not included here. Inee@staiders can refer to our technical report [26]. Our
simulation results clearly show us that our CUMAC can achileigh performance in single-channel long-
delay underwater sensor networks. Its RTS/Beacon/CTSdhakthg process along with the cooperative
collision detection can effectively suppress the hiddemieal problems. Although false alarm and false
approval exist, they are bounded and usually negligiblepared with the benefits of CUMAC. And the
tone pulse sequence technique is an effective and efficieahmto improve the performance.

VIIl. RELATED WORK

In this section, we first briefly review some related work onltirchannel MAC protocols for terrestrial
radio wireless networks. Then, we discuss some researchutinanannel MAC protocols for underwater
acoustic networks and show their differences from our work.

Multi-channel MAC protocols have long been investigatedéorestrial radio wireless networks. In [23],
the authors propose a receiver initiated multi-channel MGocol based on frequency hopping for multi-
hop wireless networks. Strict synchronization among nagleseded for this protocol. The authors of [20]
propose a multi-channel MAC protocol with a single trangeei They identify the multi-channel hidden
terminal problem and solve it with a synchronized MAC pratowhich splits the time into channel
negotiation phase and data transmission phase. In [8],ut®i® study the performance of multi-channel
MAC protocols with Aloha-like reservation on a dedicatedhirol channel for wireless networks. In [13],
the authors analyze and compare four different multi-ceMhAC protocols for single-hop wireless
network. Their analysis and simulation results show théeint protocols have different properties and
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thus are preferred in different network scenarios. All thetudies are conducted for radio communication
where propagation delay is negligible.

Multi-channel MAC protocols for underwater acoustic netkgohave also aroused significant research
interest recently. For example, in [19], a hierarchical tircihannel MAC protocol is proposed for clustered
underwater networks where TDMA is used for the intra-clustenmunication and CDMA is used for the
inter-cluster communication. Strict synchronization ag@ll nodes is needed in this scheme. In [22], the
authors utilize CDMA as the multiple access technique. A RS handshaking scheme is employed for
every channel before actual data transmission. In thissen€DMA spreading codes are distributed first
by some predefined algorithm and every node is assumed togatgae spreading code among its one-
hop neighbors. In [27], the authors analyze two generalimatti-channel MAC protocols for underwater
sensor networks. The long propagation delay of underwatausdic channel is taken into account in their
analysis model. Their results demonstrate the great bsrdfinulti-channel MAC protocols. However,
in [27], at least two acoustic transceivers are assumed tavhadable on every node. Different from
all the existing work, this paper considers a cost-effectietwork architecture where one and only one
transceiver is needed on each node. We identify the triglddn terminal problems which are inherent
in the single-transceiver multi-channel long-delay umgger scenario and propose a new protocol to
effectively deal with them.

IX. CONCLUSIONS ANDFUTURE WORK

In this paper, we identified and investigated the triple bBidderminal problems in single-transceiver
multi-channel long-delay underwater sensor networkseBamn our findings, we proposed CUMAC, a
new multi-channel MAC protocol. By employing a novel coggere collision detection scheme and a
tone pulse sequence technique, CUMAC handles the triplédehiderminal problems well and greatly
reduces the collision in the network. Simulation resultsvelthat CUMAC can significantly improve the
network throughput with high energy efficiency in both oregstand multi-hop networks.

As for the future work, we would like to pursue our studies wotdirections: 1) Investigate the
optimal bandwidth allocation strategy for the control ahanand data channels. 2) Implement CUMAC
in underwater sensor network testbeds and evaluate itil@gsand practicality in the real world.
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