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7 Abstract In this paper, we investigate the use of cooperative communications for
18 high performance data dissemination in dense wireless sensor networks. We first
19 identify the limitations of existing cooperative schemes. While we previously pro-
20 posed a multi-hop cooperative data dissemination scheme, REER, to address these
#" limitations, the construction of such structure relies on a pre-established reference
2 path. The partially centralized approach makes REER unscalable when encounter-
2 ing network dynamics. To address this issue, this paper proposes a novel distributed
2 multi-hop cooperative communication scheme (DMC), which is fully distributed and
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O 48 consists of two operation phases: (1) cooperative mesh structure (CMS) construction,
O 49 and (2) CMS-based data dissemination, which includes random value-based scheme
50  and distance-based scheme for forwarding node selection. Simulation results show
m 51 that DMC performs well in terms of a number of QoS metrics, and fits well in large-
n- 52 scale networks and highly dynamic environments.
53

m s4  Keywords Cooperative communication - Wireless sensor networks - Data
=~ 55 dissemination
56

57

O ss 1 Introduction

T s

I_ eo  Wireless sensor networks (WSNs) have numerous potential applications, e.g., bat-
¢y tlefield surveillance, medical care, wildlife monitoring and disaster response. In

: e  ission-critical applications, the wireless networks used for communications must
es cnsure that data packets can be delivered to the data processing center reliably and
ea efficiently. However, due to the dynamic nature of WSNS, time-varying wireless
es  channel, and severe constraints on energy supply and communication bandwidth of
es  Dattery-operated sensor nodes, providing high performance is a challenging issue,
o7  especially when deploying WSNs for multimedia surveillance.

One of recent technology for addressing this challenges is the use of coopera-
tive communications, which have been proposed as a scalable, energy-efficient and

68

jz error-resilient solution for data transmissions in wireless networks. Nodes in coopera-
54  tive communication systems work cooperatively or relay data packets for each other,
;o thus forming multiple transmission paths or virtual multiple-input-multiple-output
;3 (MIMO) systems to relay data packets to the destination without the need of multiple
.4  antennas at each node [1, 2]. By utilizing the broadcast nature of the wireless medium
.5 and spatial distribution of sensor nodes, cooperative communications can enhance the
;6  performance of WSNs, especially for improving network reliability.

. Most previous work on cooperative communication is based on the following lim-
;g ltations:

79 — Nodes employ orthogonal channel access (FDMA, TDMA or CDMA),

80— Channel states between sources and cooperative partners, sources and destinations,
81 and cooperative partners and destinations are available at participating nodes,
82— The destination node has full or partial knowledge of the cooperative assignments
83 and the channel states between nodes.

84  — Most existing research has focused on the cooperation between a pair of users in
85 one-hop communications [3—6]. Cooperations among multiple nodes are investi-
86 gated in [5, 7]; however, the research is still limited to one-hop communications.
z; In order to apply cooperative communication in WSNs, the above limitations are
o0 needed to be addressed. In addition, practical sensor nodes employ time-division
o half-duplex transmissions, e.g., using the carrier-sensed multiple access with colli-
o1 sion avoidance (CSMA/CA) protocol, so that they cannot transmit and receive sig-
o nals simultaneously. Besides, due to the distributed nature of WSN applications, the
o sink node usually does not have knowledge of the channel states between the sensor

nodes, as well as the cooperative partner selections and assignments.
94
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O 95 As our previous solution, a cooperative communication scheme, REER [8], has
96  been proposed for reliable and energy-efficient data dissemination in dense sensor

O 97 networks. Based on geographical information, REER’s design harnesses the advan-

m 98  tages of high node density and relies on the collective efforts of multiple cooperative

n- 99 nodes to deliver data, without depending on any individual ones. It has the following
100  features:

The network can be easily extended to accommodate multi-hop communications.
By utilizing the broadcast nature of the wireless medium and spatial distribution
of sensor nodes, cooperative communications are used to improve the network
01 04 performance of WSNs.

No inter-node channel state information needs to be maintained.
Dense senor network favors the scheme to yield enough cooperative nodes.

TH

108 However, the construction of cooperative structure in REER relies on a pre-
: established reference path. The partially centralized approach makes it unscalable
when encountering network dynamics. To address this issue, this paper proposes a
novel distributed multi-hop cooperative communication scheme (DMC), which is
fully distributed and optimal network performance can be achieved without the need
of maintaining precise network state information and centralized control. It consists
of two operation phases:

115 — cooperative mesh structure (CMS) construction: the source node initiates the con-
116 struction by transmitting a prob message. Among the cooperative nodes at each
117 hop, a master node will decide the cooperative nodes and another master node
118 for its next hop. The construction will terminate when the sink receives the probe
119 message.

120 — CMS-based data dissemination: data packets originated from the source are for-
121 warded to the sink node by groups of cooperative nodes (denoted as CNs) relaying.
122 In each group of CNs, a node will be elected as the forwarding node to forward the
123 data packet to the adjacent group of CNs towards the sink node. We propose two
124 simple schemes for forwarding node selection, i.e., random value-based scheme
125 and distance-based scheme.

126 Simulation results show that DMC performs well in terms of a number of QoS

127 metrics, and fits well in large-scale networks and highly dynamic environments. The
128 rest of the paper is organized as follows. Section 2 presents related work. The problem
129 is stated in Sect. 3. We present CMS construction and CMS-based data dissemination
130 in Sects. 4 and 5, respectively. Our simulation studies are reported in Sect. 6. Finally,
131 Sect. 7 concludes the paper and presents the future work.

132

133

13« 2 Related works

135

136 A large number of cooperative communication protocols have been proposed re-

cently. Cooperation diversity gains, transmitting, receiving and processing overheads,
are investigated by [9]. Cooperative issues across the different layers of the commu-
nication protocol stack, self-interested behaviors and possible misbehaviors are ex-
plored in [10]. Reference [11] proposed a cooperative relay framework which accom-
modates the physical, medium access control (MAC) and network layers for wireless

137
138

140
141
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0142 ad hoc networks. In the network layer, diversity gains can be achieved by selecting
143 two cooperative relays based on the average link signal-to-noise ratio (SNR) and the
0144 two-hop neighborhood information. A cooperative communication scheme combin-
m145 ing relay selection with power control is proposed in [12], where the potential relays
0_146 compute individually the required transmission power to participate in the cooper-
147 ative communications. A variety of cooperative diversity protocols are proposed by
148 [13], namely, amplify-and-forward, decode-and-forward, selection relaying, and in-
=~ 149 cremental relaying. The performance of the protocols in terms of outage events and
180 associated outage probabilities is evaluated respectively. Coded cooperation [14], in-
0151 tegrated cooperation with channel coding and works by sending different parts of
152 each user’s code word via two independent fading paths. References [15, 16] imple-
I153 mented a cooperation strategy for mobile users in a conventional code division mul-
154 tiple access (CDMA) systems, in which users are active and use different spreading
:‘ 55 code to avoid interferences. In [17], distributed cooperative protocols, including ran-
156 dom selection, received SNR selection and fixed priority selection, and are proposed
157 for cooperative partner selection. The outage probability of the protocols is analyzed
158 respectively. CoopMAC, a cooperative MAC protocol for IEEE 802.11 wireless net-
159 works, is presented by [18]. CoopMAC can achieve performance improvements by
160 exploiting both the broadcast nature of the wireless channel and cooperative diver-
161 sity. REER, a scalable, energy-efficient and error-resilient routing protocol for dense
162 'WSNs is proposed by [8]. To construct a multi-hop mesh cooperative structure, a set
163 of nodes, termed as reference nodes (denoted as RNs) between the source node and
164 the sink node (the source and the sink are also RN¥) is first selected. The RNs are de-
165 termined sequentially starting from the source to the sink, and the distance between
166 two adjacent RNs is an application-specific value, which is a trade-off between relia-
167 bility and energy efficiency. Once the RNs are determined, a set of nodes around each
168 RN will be selected as the cooperative nodes (denoted as CNs), and thus, a multi-
169 hop mesh cooperative structure is constructed in this phase. Data packets originated
170 from the source will be forwarded to the sink by groups of CNs relaying, without
171 depending on any individual ones.
172 Our idea is also close to some works regarding opportunistic communication, such
173 as GeRaF [19] and ExOR [20] where efficient methods of using multi-receiver diver-
174 ity for packet forwarding are explored. However, unlike GeRaF and ExOR, the pro-
75 posed scheme only uses a certain number of cooperative neighbors while achieving
176 the application-specific requirement of reliability. The number of cooperative nodes
177 can be flexibly adjusted to cope with network dynamics.

179
180
181
182

3 Problem statement

3.1 Architecture overview of REER

184

Figure 1 shows the architecture of REER scheme [8]. The sink node first sends an
185

interest packet representing the application-specific requirements to the networks.
When the interest packet is received by the source node, it starts generating reports on

""" the detected events as specified. Before delivering the reports to the sink via multi-hop

188
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Distributed multi-hop cooperative communication in dense wireless

Fig. 1 Illustration of REER
scheme

®m Reference Node 0O Cooperative Node © Ordinary Node

routing, the source node initiates multi-hop mesh cooperative structure construction
by sending a probe message towards the sink.

During the transmission of the probe message, a set of nodes, termed reference
nodes between the source and the sink are first selected, such that the distance be-
tween two adjacent reference nodes is sought to be an application-specific value (de-
noted by r in Fig. 1).

REER considers the following facts regarding the introduction of 7:

1. For any two reference nodes (e.g., A and B in Fig. 1) which are two hops away,
nodes located in the area intersected by the two coverage circles centered around
A and B can communicate with both A and B, as shown in the shadow area in
Fig. 1.

2. If the distance (denoted by Df) between A and B decreases, the size of the in-
tersecting area increases, thus accommodating more nodes that can forward data
packets cooperatively.

3. When more cooperative nodes are involved in the data dissemination, a higher
reliability is provided.

The rationale of REER is to adjust the value of r = % . Df to provide a control
knob to trade off robustness and energy efficiency (and latency). In order to achieve
the required reliability while meeting the application-specific quality of service (QoS)
requirements (e.g. reliability, and end-to-end latency bound), r is adaptively set by the
source or sink node. The reference nodes are determined sequentially, starting from
the source node. After a certain timer expires, the reference nodes determine a set of
cooperative nodes around each of them based on the coverage of the probe messages
they sent during the reference node selection period.

In the data dissemination phase, the data forwarding node is selected among the
cooperative nodes at each hop through a receiver-oriented approach [21]. The ref-
erence node selection, cooperative nodes selection, and forwarding node selection
mechanisms are detailed in [8].

3.2 Motivation of DMC proposal
In this section, we will illustrate the motivation to propose DMC, and present the
DMC architecture in brief. Figure 2 shows a part of the mesh structure. Let Vj, denote

the ny, cooperative group; Vj_1 denote Vj,’s adjacent group one hop closer to the
source, while V1 denote Vj,’s adjacent group one hop closer to the sink. Let RN,,_1,
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244 RN, and RN, denote the reference nodes for V;,_1, V}, and V},41, respectively. In
245  order to construct an ideal multi-hop mesh cooperative structure, each node in Vj, is
0246 connected with all the nodes in V;,_1 and Vj4.
I247 Though the introduction of » provides REER a flexible control knob to trade off
o4g  network performance, it has the following downfalls:

:249 — According to the construction of its cooperative structure, REER can only guaran-
tee the cooperative nodes in Vj, are connected to RN,,_; and RN, 1, but not all the

251 nodes in V;_1 and V4.

252 _ Tt assumes that the density of sensor nodes can be deemed as a constant approxi-
253 mately. However, in practical wireless sensor networks, hole can be formed due to
254 energy depletion of sensor nodes or other network dynamics. If hole exists in co-
285 operative field, the number of cooperative nodes will decrease extensively, which
256 causes the unbalance of the whole cooperative structure between the source and
257 the sink node.

2% _ The cooperative structure construction of REER relies on a pre-established refer-
259 ence path. Such partially centralized approach makes it further unscalable when
260 encountering network dynamics and/or the changes of application-specific QoS
261 requirements.

262

063 Thus, we are motivated to design a novel DMC algorithm to address the above
e downfalls. DMC realizes an ideal multi-hop mesh cooperative structure, and is fully
265 distributed and decentralized and possesses the flexibility of adapting to the network
266 dynamics and the specific QoS requirements. In DMC, the number of cooperative
067 nodes in each cooperative group is the key parameter, which is set depending on the
268 network size, node density and the trade-off between reliability and energy efficiency.
269

Z? 4 Multi-hop cooperative structure construction in DMC

272 4.1 Architecture overview

273

274

As an example in Fig. 1, the source node first selects a certain number of cooperative
275 nodes (denoted by N) among its neighbor nodes. In the cooperative node list, the
276 source further selects one as the reference node at next hop. Then, the source node
277 creates a probe message with packet format as shown in Fig. 4. The main information
278 included in the probe message are CooperativeNodeList and NextReferenceNode.'

279

280

281 IThe cooperative node selection and next reference node selection mechanisms are detailed in Sects. 4.3
and 4.4.

282
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300
301

303  Fig. 3 Ilustration of cooperative nodes selection in DMC

304
30

° Fig. 4 Probe message format
306 Fixed Fields: ‘ SourcelD ‘ SinkiD ‘SourcePOS ‘ SinkPOS ‘SeqNum ‘
307
308 Variable Fields:‘ PreviousReferenceNode (RNy,) ‘ NextReferenceNode (RNy,;1) ‘
309 ‘CooperativeNodeList(Vh) HopCount (h)
310
311
%2 This operation will be repeated, and let us assume that the probe message arrives
313 s - .
514 RN}, which is & hops away from the source. As shown in Fig. 3, the cooperative node
a5 set at hop 4 (denoted by V},) includes nodes 1 and 3. As the reference node at hop 4,
a16 node 1 will select cooperative node set for its next hop. Since N is set to two, nodes 2
a17 and 6 are selected in the selection area of cooperative nodes. The determination of the
18 selection area will be detailed in Sect. 4.2. Between nodes 2 and 6, node 6 is further
a9 Selected as the reference node for hop 7 + 1 due to its closest distance to the sink
320 node. Then, RN, node 1, transmits the probe message to node 2. The construction
32  Of the mesh will continue until the probe message arrives at the sink nodes.
322
323 4.2 Determination of the cooperative node selection area
324
85 As shown in Fig. 2, in order to construct an ideal multi-hop mesh cooperative struc-
826 ture, each node in V;, should be fully connected with all the nodes in Vj,11. Coop-
%7 erative selection area of RN, » means that the nodes in the area can be connected to
8 41l the nodes in V. As shown in Fig. 3, RN, will first mark the neighbors in the
329
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OSO Table 1 Pseudo-code for the determination of the cooperative node selection area at node RN,

0331 01 procedure SelectionAreaDetermination (Qp,)
32 02 begin

333 03 Qy, is the set of node RN},’s neighbors in the forwarding area;
m334 04 fi is the flag indicating whether node i (i € Q) is included in the selection area;

335

05 R is the maximum transmission range;
36
06 for each neighbor i in Oy,
~ 337 .
07 fi<1;

338 ) )

330 08 for each cooperative node k in (Vj, — RNp,)
0340 09 Calculate the distance between i and k, dik ;
I 10 ifd* > R

341 i

342 11 fi <0

343 12 br‘eak for;

>3 44 13 endif

245 14 endfor

346 15 endfor

347

348

forwarding area” as the preliminary candidate nodes (denoted by Q},). For each node

z:z in Qy, the nodes that cannot be connected to all of the other cooperative nodes in
a1 Vy, will be filtered. Given the example shown in Fig. 3, Oy, includes nodes 2,411,
5o and nodes 10, 11 are excluded because they cannot reach the other cooperative node
a5 (i.e., node 3). Table 1 shows the pseudo-code of the algorithm for determining the
a5 cooperative node selection area.

zzz 4.3 Cooperative node selection mechanism

87 Before RNj, determines the cooperative nodes at hop % + 1, it first checks whether
%8 the sink node is within its one hop range. Should that be the case, it further checks
89 whether the other cooperative nodes at hop % can reach the sink node. Only if all of
360 nodes in V}, can be connected to the sink node, RN, delivers the probe message to
%1 the sink without cooperative node selection. Otherwise, in the pre-determined coop-
362 erative node selection area, RN}, will select N nodes which are closest to the sink as
363 the cooperative nodes for the next hop, as shown in Table 2.

364

365 4.4 Reference node selection mechanism

366

367 In global perspective, DMC algorithm is distributed. However, in order to facilitate
368 the selection of cooperative nodes and delivery of the probe message, a reference node
369 is still needed as a local coordinator for each hop. Table 3 shows the pseudo-code of
370 reference-node-selection at node RNj;. Among the previously selected cooperative
371 nodes in V1, the next reference node is the one whose distance to the sink node is
372 minimal. The selected reference node will continue to transmit the probe message,
373 and so forth, until the sink node is reached.

374
375
376

2In the forwarding area, the neighbors are closer to the sink node than RNy,.
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077 Table 2 Pseudo-code for cooperative nodes selection at node RN,

0378 01 procedure CooperativeNodeSelection (Q},)
0 02 begin
380 03 Qj, is the set of node RN}, ’s neighbors in the forwarding area;
m381 04 fi is the flag indicating whether node i (i € Q) is included in the selection area;
382
05 if sink node is within one hop distance of all the cooperative nodes in Vj,
83
06 Send the probe message to the sink node;
384
07 else
385
386 08 Among the nodes: {Vi, f; = 1|i € Oy}
0387 Select N nodes which are closest to the sink as Vj1;
I 09 endif
388
389

:390 Table 3 Pseudo-code for reference node selection at node RN},

391
392 01 procedure ReferenceNodeSelection (Vj,4.1)
393 02 begin
304 03 Vi1 is the set of cooperative nodes selected by RN, ;
305 04 for each cooperative node k in Vj, 4|
396 05 Calculate the distance from k to the sink node, d' ,’(;
397 07 endfor
398 08 for each cooperative node i in Vj |
399 09 if di’ = min{d; lj € Vpyr}
400 10 Select i as NextReferenceNode;
401 11 Break;
402 12 endif
403 13 endfor
404
405
406 5 CMS-based data dissemination in DMC
407
408 After the cooperative mesh structure (CMS) is built up, each data packet will be for-
409 warded towards the sink node through group-by-group relaying. Figure 2 shows all
410 the possible wireless links between two consecutive cooperative groups. While the
411 quality of each of the links varies over time, the mesh structure makes data trans-
412 missions robust to link dynamics; i.e., data broadcasting is exploited to attain high
413 reliability. This strategy provides an effective trade-off between traditional multipath
414 routing and single path routing schemes. That is, it has the advantage of error re-
#15  silience as in multipath (or mesh) routing schemes, but without the associated over-
416 head of sending multiple copies of the same packet.
417
48 5.1 Random value-based scheme
419
420 . .
In random value-based scheme, one cooperative node will be selected as the data
421 . . . . ..
forwarding node using a time-based mechanism as follows. Initially, every cooper-
422 . . . . . .
ative node starts a so-called Forwarding-Node-Selection-Timer (FNS-Timer), which
423
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428 Source

429
30 N Selected as Data Forwarding Node
w431 ( Thimer = 0 : Closest to Sink Node )

Fig. 5 Tllustration of data forwarding node selection in distance-based strategy

I435 is set to a random value. The cooperative node whose FNS-Timer expires first will be
436 selected as the data forwarding node; i.e., a smaller timer value indicates that the cor-

:437 responding cooperative node has a higher eligibility. The winning node broadcasts
438 an election notification message within the cooperative region, as shown in Fig. 5.
439 When other cooperative nodes within the same cooperative region receive the notifi-
440 cation message, they will cancel their FNS-Timers. Next, the data forwarding node
441 will broadcast data packet towards the sink node, and so forth.

443 5.2 Distance-based scheme

ws  I.2.1 Calculating minimum and maximum distances to sink node

446
47 We assume that each sensor node i knows its cooperative nodes’ positions (including
148 its own position), and the sink’s location (x;, y;). For example, in Fig. 5, node 1
249 knows the positions of nodes 1, 2, 3 and 4, while node 5 knows the positions of
450 nodes 5, 6, 7 and 8.

451 Let V}, be the set of node i’s cooperative nodes in the /4th hop’s cooperative region.
452 Node i can compute the distance between any cooperative node and the sink node as
453 .

- Dk = /G = 02 + (i — 32, (M
455 . .

456 where k € V), and (xg, yi) is the location of node k.

i57 Then, node i can figure out which cooperative node is the closest one to the sink,
458 and which one is the farthest one from the sink. Let Dy, and Dyax denote the mini-
4o UM and maximum distance between the sink and cooperative nodes in V},.

0 522 Time-based next-hop-election

461

462 Let Tymer denote the value of the FNS-timer. Time has been set by the current cooper-
463 ative node to elect itself for next-hop data forwarding during the data dissemination.
464 Let Thax denote the maximum possible value of the FNS-timer.

465 Based on Dypin, Dimax and node i’s own distance to sink D!, node i can calculate
466 jts timer value by (2):

467

468 Di—D

469 St B L (N 2)
470 timer Dmax — Dmin
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0471 Table 4 Pseudo-code for setting time value for FNS-timer

0472 01 procedure NextHopSelection (V)
473 02 Vj, is the set of cooperative nodes in the ith
m474 03 hop’s forwarding area;
475 04 i is one of the cooperative nodes in Vj,;
476 05 Diyin 1s the minimum distance between sink
7 06 and cooperative nodes in V},;
m 478 07 Dpax is the maximum distance between sink
mi;z 08 and cooperative nodes in Vj,;
0481 09 begin
I“” 10 calculate Dy, = min{DF |k € V)
183 11 calculate Dmax = max{Df |k € Vi,}
484 12 calculate Ttlimer according to Eqn. (2);
:485 13 Set Témer to node i’s FNS-timer;
486 14 end
487
488

In the case that node i is the closest cooperative node to the sink (e.g., nodes 2 and

450 5 in Fig. 5), Témer will be equal to 0. Furthermore, if node i receives a data packet

broadcast by its previous hop node successfully, it will forward the data packet due

491 . . .. . .

sop to its FNS-timer expiring before those of the other cooperative nodes in Vj,.
493

%94 6 Performance evaluations

495

4% We implement our protocols and perform simulations using OPNET Modeler. The
497 gensor nodes are uniformly random;y deployed over a 1000 m x 500 m field. To ver-
498 ify the scaling property of mesh cooperation-based schemes, we select a large-scale
499 network scenario with 800 nodes. The source nodes are deployed at the left side of the
500 field and one sink is located on the right side. The sensor application module consists
501 of a constant-bit-rate source, which generates 1024 bits every 100 ms. As in [22], we
502 use IEEE 802.11 Distributed Coordinate Function as the underlying medium access
503 control (MAC), and the radio transmission range (R) is set to 60 m. The data rate of
504 the wireless channel is 1 Mb/s. All messages are 64 bits in length. We assume both
505  the sink and sensor nodes are stationary. For consistency, we use the same energy
506  consumption model as in [22]. The transmit, receive and idle power consumptions
507 are 0.66 W, 0.395 W, and 0.035 W, respectively. The initial energy of each node is
508 12 Joules. We account for energy consumption in the simulations, in terms of trans-
509  missions, receptions, overhearing, collisions and other unsuccessful transmissions,
510  MAC layer headers, retransmissions, and control frames such as RTS/CTS/ACKs.
511 The following performance metrics are considered:

:z - Racket delivery ratio: It is the ratio of the number of data packets delivered to the
s14 sink, to the number of packets gener’ated b?/ the source nodes. ' .
o5 Average End-to-end Packet Delay: including all possible delays during data dis-

semination, caused by queuing, channel access delay, retransmission due to packet
:j collision and loss, and packet transmission time.
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— Average Communication Energy: the total communication energy consumption,
including transmitting, receiving, retransmissions, overhearing and collision, over
the total number of distinct reports received at the sink.

— Average Hop Counts: It is the number of hop counts of a path from the source to
the sink.

— Lifetime: the time when the first node exhausts its energy.

Figure 6 shows the snapshot of an OPNET simulation, which illustrates the result
of mesh cooperative structure construction. The OPNET animation can be referred
to [23]. At each hop, one of the cooperative nodes elects itself successfully to forward
the data packet.

6.1 Impact of cooperative node number on the performance of DMC

In this section, we denote N as the number of cooperative nodes in each cooperative
group. We change N from 2 to 6. In each group of experiments, we change link
failure ratio from 0.05 to 0.55 by the step size of 0.05. Random value-based scheme
is used in the data dissemination phase.

Let P denote the packet delivery ratio. Let H(/N) denote the hop counts between
the source and the sink when N cooperative nodes are used at each hop. Let f be the

Fig. 6 A snapshot of simulation
animation

Fig. 7 The comparison of

average packet delivery ratio
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0565 failure probability of each link/node. Let p denote the successful delivery probability
0566 of data packet at each hop. Then,

567
[ s P=p"=(1-""m). 3)
0-569

570

71 According to (3), the larger is N, the higher reliability can be obtained, which is

= "s72  observed in Fig. 7. When N is up to 6, the packet delivery ratio keeps higher than
573 95% if link failure ratio is smaller than 35%. By comparison, P is much lower (i.e.,
s74  30%) when N is equal to 2. It is expected that P is lower in traditional shortest path

0575 scheme.

I576 Figure 8(a) shows the curves of delay performance. When N is equal to 6, the
s-- delay is the lowest. Note that the setting of the maximum backoff delay plays an
s7¢  important role in the delay performance, since random value-based scheme is adopted

:579 in our experiments.

580 As shown in Fig. 8(b), the average communication energy per successful data

g1  delivery is increased when link failure ratio becomes larger. The energy in N =2

sg2  case increases exponentially with link failure ratio increasing. It is because the packet

ss3  delivery ratio is very low when the number of cooperative nodes is not sufficient in

sgs unreliable environments.?

585 Figure 8(c) shows the comparison of hop counts when different N is used. As de-
scribed in Sect. 4.2, the larger is N, the smaller is the cooperative selection area, thus

z:: causing hop distance shorter and hop count larger. Thus, the superior performance

sgs  With more cooperative nodes involved in the data dissemination is compromised by a

sg9  larger hop count. As shown in Fig. 8(c), the N = 6 case uses about three more hops

seo than N =2 case. However, such trade-offs are valuable in unreliable and dynamic

sg;  €Nvironments.

592

503 0-2 Comparison of random-based and distance-based schemes for data

504 dissemination in DMC

zzz As shown in Fig. 9, the end-to-end packet delay of the distance-based scheme is

o7 always much lower than that of the random value-based scheme. When there is no
link failure, the cooperative node with the least FNS-timer value will forward the

598 : . —_

500 data pa?ket. In the .dlsta.nce-based §cheme, the coopera.ltlve node Whl(.Zh is the closest

600 to the smk node will win the election, gr}d thus there is .no backoff time b.efore data

o1 forw.ardmg under a good channel COl’ldlthl’l'. By comparison, the backoff time at 4th

sop hop in the random value-based scheme [8] is equal to

- Toackott = min{ T, . [k € V;,} )

605 where Tt{Cmer =rand(0, Tmax). The delay performance depends on the setting of the
606 maximum backoff time value Thax. Large Timax helps to reduce the possibility of si-

607 multaneous data broadcasting, while a small value of Ti,,x decreases the data latency.
608

609
610
611

3The average communication energy is equal to the network energy consumption divided by the number
of successful data packet deliveries.
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performance of DMC in
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0659 Table 5 Comparison of lifetime for random value-based scheme and distance-based scheme

0660 Scheme f=0 F=02

661
662 Random value-based: 7.92 (minutes) 10.9 (minutes)

m%?’ Distance-based: 8.98 (minutes) 11.4 (minutes)
664

65

o~ 666 01—

mem 2
668 o, 10 * * * |

0669 = 0.00] ok %X * 1

I670 8 * *ox * % % * * ¥

h671 ﬂ0.0S’* **** ***** * % * i
672 8. * *x ;F ok ok *;;

: Q 007y = % * F * 5 * ]
673 2 % * M * * % *se* *

<674 TGOOoBrE X Ak L Kk R * 4 1
575 0')0.057 * * o * * , %1k |
676 4? . i * . *
677 'g 0.041 * % i
678 M * % Random Value-based Scheme
679 o 0.03y Distance-based Scheme 1
680 g 0.02 | /MmN e S A 1
681 5
682 001, 2 4 6 8 10 12
683 Simulation Time
684
685  Fig. 9 Comparisons of end-to-end delay with link failure ratio = 0
686
®7 " In our simulations, we set Tyax according to the average number of cooperative nodes
%8 in the cooperative region [8].
089 Figure 10 shows the comparison of end-to-end delays when the link failure ratio
8% g equal to 20%. The end-to-end packet delay of the random value-based scheme is
691 larger than that of the distance-based scheme in most cases. Comparing Fig. 9 to
692 Fig. 10, the end-to-end packet delays of the distance-based scheme are larger when
93 the link failure ratio increases. When the cooperative node with Tijmer = O fails to
9 receive the broadcast data in an unreliable environment, extra backoff delay will be
%% introduced.
696 The lifetime results in Table 5 show that the random value-based scheme has 38%
7 " more lifetime than the distance-based scheme under good channel conditions. And
®%® " the random value-based scheme has 27% longer lifetime than the distance-based
%99 scheme when the link failure ratio is equal to 0.2. It is because the traffic load is more
700 evenly distributed among the cooperative nodes in the random value-based scheme,
' While the distance-based scheme tends to select the cooperative nodes closer to the
2 ink. Thus, the random value-based scheme achieves better load balancing than the
7% distance-based scheme. We will address the load balancing issue in our future work.
ZZ: A hybrid criterion which combines the features of both distance-based and energy-
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725  Fig. 10 Comparisons of end-to-end delay with link failure ratio = 0.2

based criteria, will be proposed in order to facilitate load balancing, reliability and
fast packet delivery in an unreliable environment.

731 7 Conclusion

733 The use of cooperative communications for reliable data dissemination is appealing
734 in wireless sensor networks. However, some disadvantages exist in previous cooper-
735 ative schemes. This paper considers the construction of “multi-hop mesh cooperative
736 transmission structures” to address these disadvantages, and propose a novel distrib-
737 uted multi-hop cooperative communication scheme for data dissemination in dense
738 sensor networks. Simulation results show that the proposed scheme scales well in
+39  handling difference network dynamics. Appealing performance is achieved when a
710 sufficient number of cooperative nodes is used in unreliable environments. We will
741 consider the more challenging case of utilizing multi-radio multi-channel technique
to further improve the network performance in our future work. In order to guar-

742

s43  antee the bandwidth requirement for multimedia transmission over wireless sensor

744 Detworks, concurrent multipath transmission strategy will also be considered by ex-

45  Ploiting the proposed multi-hop mesh cooperative transmission structures.

746 Acknowledgement This study was supported by research funds from Chosun University, 2010.

747

748

749 References

750

751 1. Nosratinia A, Hunter T, Hedayat A (2004) Cooperative communication in wireless networks. IEEE
Commun Mag 42(10):74-80

752

@ Springer

Journal ID: 11227, Article ID: 382, Date: 2010-02-04, Proof No: 1



«SUPE 11227 layout: Small Extended v.1.2  reference style: basic  file: supe382.tex (Nadia) aid: 382 doctopic: OriginalPaper class: spr-small-v1.1 v.2010/01/28  Prn:2010/02/02; 15:48 p. 17/17»

Distributed multi-hop cooperative communication in dense wireless

constrained wireless networks. IEEE Signal Process Mag 42:47-57

0753 2. Hong Y-W, Huang W-J, Chiu F-H, Kuo C-CJ (2007) Cooperative communications in resource-
754
0755 3. Laneman JN, Tse DNC, Wornell GW (2004) Cooperative diversity in wireless networks: Efficient

protocols and outage behavior. IEEE Trans Inf Theory 50(12):3062-3080
m756 4. Hunter TE, Nosratinia A (2002) Cooperation diversity through coding. In: Proc IEEE 2002 interna-
m757 tional symposium on information theory (ISIT’02), Lausanne, Switzerland, June 2002, p 220
758 5. Hunter TE, Nosratinia A (2004) Distributed protocols for user cooperation in multi-user wireless

networks. In: Proc IEEE the 47th annual global telecommunications conference (GLOBECOM’04),

759
Dallas, Texas, USA, Nov 2004, pp 3788-3792
n 760 6. Liu P, Tao Z, Lin Z, Erkip E, Hivendra Panwar S (2006) Cooperative communication in wireless
761 networks. IEEE Wireless Commun 13(10):84-92

762 7. Sendonaris A, Erkip E, Aazhang B (2007) Multinode cooperative communications in wireless net-
O works. IEEE Trans Signal Process 55(1):341-355
8. Chen M, Kwon T, Mao S, Yuan Y, Leung V (2008) Reliable and energy-efficient routing protocol in
I764 dense wireless sensor networks. Int J Sens Netw 4(12):104-117
765 9. Sadek YWAK, Liu KR (2006) When does cooperation have better performance in sensor networks?
766 In: Proceedings of the 3rd IEEE sensor and ad hoc communications and networks (SECON’06), 2006,
:767 pp 188-197
10. Conti EGM, Maselli G (2004) Cooperation issues in mobile ad hoc networks. In: Proceedings of the
768 24th international conference on distributed computing systems workshops (ICDCSW’04), 2004, pp
769 803-808
770 11. LinJSY, Wong VW (2009) Cooperative protocols design for wireless ad hoc networks with multi-hop
routing. Mobile Netw Appl 4(2):143-153

1 12. Zhou JCZ, Zhou S, Cui S (2008) Energy-efficient cooperative communication based on power control

772 and selective single-relay in wireless sensor networks. IEEE Trans Wireless Commun 7(8):3066—

773 3078

774 13. Laneman JN, Tse DNC, Wornell G (2004) Cooperative diversity in wireless networks: efficient pro-
tocols and outage behavior. IEEE Trans Inf Theory 50(12):3062-3080

778 14. Hunter T, Nosratinia A (2002) Cooperation. diversity through coding In: Proceedings of the IEEE

776 international symposium on information theory (ISIT’02), 2002, pp 220
777 15. Sendonaris EEA, Aazhang B (2003) User cooperation diversity—part I: system description. IEEE
Trans Commun 51(11):1927-1938

78 16. Sendonaris EEA, Aazhang B (2003) User cooperation diversity—part II: implementation aspects and
779 performance analysis. IEEE Trans Commun 50(11):1939-948
780 17. Hunter T, Nosratinia A (2004) Distributed protocols for user cooperation in multi-user wireless net-
781 works. In: Proceedings of the 47th IEEE annual global telecommunications conference (GLOBE-
780 COM’04), 2004, pp 3788-3792

18. Liu ZLEEP, Tao Z, Panwar S (2006) Cooperative wireless communications: a cross-layer approach.
783 IEEE Wireless Commun 13(4):84-92
784 19. Zorzi M, Rao RR (2003) Geographic random forwarding (GERAF) for ad hoc and sensor networks:
785 multihop performance. IEEE Trans Mobile Comput 2(4):337-348
786 20. Biswas S, Morris R (2005) Exor: Opportunistic multi-hop routing for wireless networks. In: Proc

ACM the 2005 annual conference of special interest group on data communication (SIGCOMM’05),

787 Philadelphia, Pennsylvania, USA, Aug 2005, pp 133-134
788  21. Chen SMM, Leung V, Kwon T (2009) Receiver-oriented load-balancing and reliable routing in wire-
789 less sensor networks. Wireless Commun Mobile Comput J 9(3):405-416
700 22. Intanagonwiwat C, Govindan R, Estrin D, Heidemann J, Silva F (2003) Directed diffusion for wireless

sensor networking. IEEE/ACM Trans Netw 11(1):2-16
791 23. (2009) Available: http://www.ece.ubc.ca/~minchen/file/mesh.exe
792

793
794
795
796
797
798
799

@ Springer

Journal ID: 11227, Article ID: 382, Date: 2010-02-04, Proof No: 1


http://www.ece.ubc.ca/~minchen/file/mesh.exe

	Distributed multi-hop cooperative communication in dense wireless sensor networks
	Abstract
	Introduction
	Related works
	Problem statement
	Architecture overview of REER
	Motivation of DMC proposal

	Multi-hop cooperative structure construction in DMC
	Architecture overview
	Determination of the cooperative node selection area
	Cooperative node selection mechanism
	Reference node selection mechanism

	CMS-based data dissemination in DMC
	Random value-based scheme
	Distance-based scheme
	Calculating minimum and maximum distances to sink node
	Time-based next-hop-election


	Performance evaluations
	Impact of cooperative node number on the performance of DMC
	Comparison of random-based and distance-based schemes for data dissemination in DMC

	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




