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Abstract— This paper deal with a novel MAC layer protocol, through careful system design with particular regard to the
namely Directive Synchronous Transmission Asynchronous &  communications and control protocols. It is of particular
ception (D-STAR) able to logically synchronize a Wireless &1sor  q|eyance whenever advanced interaction and sensing sshem

Network (WSN) by managing both sleep/active states togethe . - . .
with integrating directional antennas within the communications are applied as it happens in the case of WSANs or mobile

framework, according to a cross-layer design. D-STAR protool WSNSs.

has been characterized in terms of functional characterists Among the most promising criteria to be adopted, the

and the overall performance is presented, in terms of netwdt  proper management of both sleep state and active power and

lifetime gain, set-up latency and collision probability. It is shown e introduction of directional antennas and their intéigra

a remarkable gain with respect to the basic approach endowed . . S

with omnidirectional antennas without increasing the sigraling within the communications framework play a key role [4]. A,S

overhead nor affecting the set up latency, but achieving emgy ~these aspects belong to both the Physical (PHY) and Medium

consumption reduction. Access Control (MAC) layers, they might be integrated to

Index Terms— Wireless Sensor Networks, directive antennas, f€ach an overall energy efficiency, jointly managing theydut

MAC protocols design, energy efficiency, performance evahtion. Cycle J and the transmitting and receiving antenna gains,
G; and G,, respectively. A novel and promising approach
to accomplish this task relies and the so calt@dss-layer

. INTRODUCTION protocol design principle [5]. On the other hand, the insegh

Wireless sensor networks (WSNs) [1] have been attractifiyStém complexity needs to be addressed and possibly dimite
a great deal of scientific interest in the last decade, makifg Well as the capability of quickly set up an end-to-end
of this approach an enabling technology to the aim of intelfOmmunication path. _ _
gent environments instrumenting. The deployment of networ 1hiS paper aims at filling this gap by proposing a novel
comprised of tens up to thousands of sensors currentlyrepMAC layer protocol, namely Directive Synchronous Trans-
sents an affordable solution to some challenging problenf@ission Asynchronous Reception (D-STAR), that broaden the
environmental sensing, productive chains control, rieakt Préviously introduced STAR approach [6] toward the man-
phenomena monitoring, safety and rescue application. agement of d|rect|v_e antennas neither mcreasmg_thg langna

Though WSNSs represent a special case of the more genérhead nor affecting the set up latency, but achievingggne
wireless Ad Hoc networks paradigm [2], they differs fronfonsumption reduction and remarkable lowering of colfisio
it for additional constraints, as far as the limited endnget Probability. To this end, the cross-layer principle hasrbee
storage, processing and communication capabilities, dhe 12dopted to design a protocol that adapts physical paraseter
degree of mobility and the presence of a small number @#s the antenna main lobe) to the Imk-to_—llnk communlcmmo_
sinks. However, recent advances have lead to the emergef§@ures and, on the other hand, provides a nodes’ logical
of distributed wireless sensor and actor networks (WSARE) [Synchronization explicitly taking into account the antann
which are capable of enhanced capabilities of observirfgiPabilities. _ .
data processing and making. This represents a more critical "€ Paper is organized as follows. In Section II, the pro-
scenario as the usual impairments of ad hoc communicatidif$ed D-STAR MAC protocol features are properly described.
must be taken also into account. To this end, a general framework to deal with effective MAC

This innovative paradigm basically relies on a underlyinBrOtOCOlS for WSNs present in the literature is preliminary
paradox claiming at pursuing reliable tasks through intrightroduced (Sec. 1I-A). Finally, Sec. 1I-B deals with theopr

sically unreliable actors. This challenge might be got oveposed approach, giving a deep insight in terms of functional
characteristics, finite state machine (FSM) descripticch the

This work was supported in part by the EU Integrated Projg®-FST-  re|ated protocol time charts for different use cases. Theall
1-508774-IP "GoodFood” as well as by the EU Network of Eaetle

FP6-IST-4-027738-NoE "CRUISE” and EU STREP FP6-IST-0458TREP COMmMUnications protocol performance is presented, ingeim
"DustBot”. network lifetime gain, set-up latency and collision proitigh



in Section Ill. Finally, some conclusions are drawn exglagn of multi-beam antenna arrays (MBBA). It exploits the multi-
the future directions of the present research activity. link feature of MBBA so a node can commence several simul-
taneous communication sessions by forming upitdinks,
where K indicates the number of antenna beams. Besides, the
system is capable of performing omnidirectional transioiss

A. Related works and receptions.

WSNs differ from wireless ad hoc networks because of MOEE Dbirective STAR MAC Protocol

energy constraints: nodes employed in WSNSs are charaetieriz o
by limited resources such as storage, processing and commulh€ proposed Directive STAR (D-STAR) MAC protocol

nication capabilities [1], [4]. While the use of smart amtaa €*Pands the STAR MAC concept [6] allowing a time-space
in ad hoc networks has been proposed [2], their application§ynchronization. The network infrastructure is built up by
the WSN field is highly desirable for several reasons: highBl€ans of bidirectional links joining: each node sends to
antenna gain might compensate the reduced coverage raltgyd'eighbors its own phase, while the angular position is
due to higher frequencies (for realizing small size nodes) gnPlicitly taken into account at the transmitter and reeeiv
to preserve connectivity in networks and efficiently use thides, SO that nodes are able to communicate. It is worth
node energy thus increasing its lifecycle. Besides, thetioio NOtCINg that this approach is mainly suited fat networks in

of smart antennas allows the gain maximization toward tiéhich there are no cluster heads distributing a time frante an
desired directions by concentrating the energy in a smalf@" densely deployed networks with a number of neighbors
area, with a transmitted power decreasing, a received poWéf node greater than ten [6]. _ _

increasing, a power consumption reduction, a networkiifet To attain this goal D-STAR provides a functional scheme

increasing, an error probability reduction and a coveraggmprised of three main phases. To give an exhaustive gescri

range increasing, with a better network capacity. Moreovon of_ the_ protocol it is possible to refer to the state déagr

as the joint application of smart antennas and channel accg¥en in Fig. 1. _

management protocol permits to reduce the power radiation\ccording to it, every node wakes up independently from

toward undesired, it is possible reducing interferencesedu € other ones and enters an initial idle modHIT), in

by other transmissions and collision probability. which it remains for a time interval necessary to perform
To achieve these benefits, there has been a lot of interesmﬁ elementary CPU oper_ano_ns. Then it §W|t<_:hes _|nt0 the

the design of new protocols; however, the use of these aaﬂeanSCOVERthase where it tries to recognize its neighbors

presents significant challenges at the higher layers of t?h@d t?] eStaE"Sh a logical s;:jnchronifjatipndwith thelrr:j. V‘,’i:]hi
protocol stack; in particular, the medium access and théngu S Phase the operation mo e 8T node is duty cycled wit

layers will have to be modified. In the following, a brief® liStening and sleeping sub-periods, whose duratiof is

overview of the protocol design solutions in the presence S'F‘d TS-JH respkectlvfely, per|(TQ|ca}IthrepgatJed d that th
directional antennas as proposed in the literature, is axin For the sake of generality, it has been supposed that the

. 'th . . .
Several extensions of IEEE 802.11 protocol have bedf"eCJ node has 'tS. own frame perloﬂ’f,? and duty
ycle ¢; (and of course listening; ; and sleepindl’ ; sub-

proposed. The basic protocol, named Directional MAEYCE 0; (and
. ' riods) withj = 1,..., N andN the total number of network

(DMAC) [7], operates in two phases: the first one (based (Erides )I\/Iore{)ver ’it héls been assumed that the wake up time

directional RTS/CTS exchanges) is used for tuning theveceiils randomly sele(;ted by each node P

antenna on the sender direction and_afte_r this phase, DA ATo provide an affordable, less complex and robust solution,

and ACK messages are exchanged directionally. Overhear}ﬂgrin the initial set-up phase each node remainslistenin

nodes update their directional network allocation vectss d gf ime int IOFIJ | to- 9

in IEEE 802.11. This protocol suffers from several problen{go € fora time interval equat to.

due to the directional nature of the communications and the Tsetup> 2 max {T ; 1)

increased directional range: hidden terminals due to udhea

RTS/CTS messages, hidden terminals to asymmetry in gQHring thediscoveryphase each node beginstm)adcastone
and deafness. HELLO messages to each angular sector (i.e., the coverage

Mult-hop MAC (MMAC) [5] extends the basic DMAC HCR iR 2 E8CR e, ot Ser e e
protocol by using multi-hop RTSs to establish a direction&l 2 and switches to the foll 5 | ¢ Ply .
link between sender and receiver. Then CTS, DATA af9es an dSW'C fr; o thelo QW'Sg angular sector, repeating
ACK are transmitted over a single hop by exploiting thé € proceaure untif set.up IS EXpIred. .

o . ; ~ .. In particular, each node sends tHELLO messages with a
directional antennas gain. The advantage of doing this is toriod'
reduce the hop-counts on routes and in bridging possilﬁg '
network partitions. The basic problems with hidden terdsina
and deafr_‘ess still exist with the M_MAC pl’OtOCOl; however, 1The abrupt introduction of this operation mode allows a néwalale power
the benefits due to the use of the increased range somewdadihg as it is avoided a unnecessary long listening phasitg more attention

compensates for the other negative effects. miggt be ‘t’ﬁ"o‘e“ to mi_”i”t“_ize ?'S‘IJ the ﬁet‘“pt '?)‘I,e”hcya e
. . : nce the communication is logically established wi @ the
The Receiver-Oriented Multlple Access (ROMA) [9] prom'following HELLO messages sent to it aumicastway are able to reach also

col has been proposed for scheduled access with the presemeether nodes within the same angular sector.

Il. PROPOSEDMAC PROTOCOL

Throad < minj {Tl,j} 2



As a consequence, the numberHELLO messages sent bynode is able to scan the channel according to the D-STAR

the ™ node during the discovery phase is equal to: protocol, switching to the correct beam corresponding with
iy the user wishing to communicate at that time. Only a single
Nproad > W%z} N (3) beam pattern is employed at any given time. In particular,

ST

the antenna has been conceived such that to cover a fixed
where N is the number of non-overlapping angular sectotgc or sector of, sayr, ©/2, ©/3 and /4 radiants, thus
of the transmitter smart anterinarhe value of thephased  providing increased gain over a restricted range of azimath
sent is strictly related to the time interval remaining tat eXcompared to an omnidirectional antenna. Besides, WSN nodes
the discovery phase and enter the duty cycled mode. are supposed to be deployed only in a 2D scenario.

It is worth noticing that asV; increases the cost éfELLO The proposed approach has been conceived mainly to min-
messages transmission is predominant with respect to 8te Ggize the power consumption, thus enhancing the network
of the listening mode for the vast majority of hardware plaifetime®. To this end, a duty cycled operation and directive
form available on the market. This might justify a postériointennas have been introduced and properly managed to
the simplified exit condition from the set-up phase. allow full connectivity thorough time-space synchroniaat

Once thediscovery phase is expired, each node entefgowever, D-STAR protocol is also able to minimize the set-
the regime phase, according to Fig. 1. The reference nOQﬁ, latency, as theliscoveryphase duratioser.p is upper
then send${ELLO messages in unicast way to the neighbokspunded by twice the maximum frame period value, as ex-
belonging to different angular sectors according to th%ﬁhaplained in (1).
transmitted in previousHELLO messages, but also sends Tg give an insight on the protocol energy efficiency, in Fig. 2
several HELLO messages in background with the propefe lifetime as a function of number of network nodes has
period to unknown neighbors in the empty angular sectgjeen pointed out in the case of omnidirectional antennas (th
Upon the replying of a node, lagical channelis established s the basic STAR MAC protocol), and directive antennas with
andj"" node can adopt the unicast or the multicast approagfyo or four angular sectors, respectively. It could be retic
according to the STAR+ approach [6]. Again, the transmittefle remarkable gain provided by the introduction of dinexti
phase valu@ is the time interval after which the sender claimgntennas; in particular, it is almost equal to 4 or 16 in theeca
to be again in the listening status. of two or four angular sectors, respectively, in accordanitie

The channel access is managed by means of a CSMA/GAalytical predictions. Nevertheless, performance getstas
(Carrier Sense Multiple Access with Collision Avoidance} a the number of nodes increases due to the presence of packets
proach. Before transmitting a packet toward a certain argugoliisions that implies packets retransmissions and tratbed
sector, a node first listens to the channel: if no transmitteghyer wasting. It is not surprisingly that the network lifeé
packets are detected, it assumes that the channel is cig@&xtremely highas it has been simulated only the MAC layer
and starts transmitting. Otherwise, it must wait and tryimgapperations without taking into account the packet forwagdi
the transmission in that sector after a random time intervgl the Network layer that is undoubtedly the most relevant
until a maximum number of attempts has been reached. Thi§;se of power consumption.
mechanism is very effective in reducing collisions, whitet |n Fig. 3, the same comparisons have been performed with
problem ofhidden nodg2] is still partially unsolved. respect to the duty cycle value which has been varied over

Each node remains in theegime phase until there is at 3 commonly adopted range ¢f%,5%]. Without pointing
least one neighbor, otherwise if the number of empty angulgiit again the noticeable gain, it is possible to highlightth
sector is equal tdV; it re-enters theliscoveryphase in search jifetime keeps contact no matter what the dutycycle is, as th
of connectivity. larger the listening time the greater the receiving costthed

Whenever a node battery is depleted, this node turns qfwer the collision probability.
entering anOFF phase both from the discovery phase and Finally, in Fig. 4, the network lifetime as a function of the
from regime phase. This transition is not represented in Fig frame period duratioff’; is shown. Within a usual operation

range forT; from 10 s up to 90 s, the lifetime has a linear
Ill. PERFORMANCEANALYSIS increase as listening sub-peri@d is also proportional td’;

To evaluate the performance of the proposed D-STAR prot@nd it mostly effects the overall power consumption.
col, extensive numerical simulations has been conducted ov The energy efficiency of the proposed D-STAR protocol
a realistic scenario in compliance with the pilot site depeld can be evaluated also focusing on the collision probability
by EU Integrated Project "GoodFood” [10]. The most relevaripat depends upon the node density and the presence of the
simulation parameters are summarized in Table |. The adoptéidden nodesThe underlying CSMA/CA mechanism might
antenna model is aideal switched beam antenna. It has beefail indeed if neighbor nodes get extremely close or if two or
supposed to create a group of almost non-overlapping beam@re nodes not belonging to the same coverage area attempt
that together result in omnidirectional coverage, so that tto transmit toward the same node.
patterns’ main lobes are adjacent. The microcontrolleeahe  To get an insight on this aspect, in Fig. 5, the collision

probability as a function of the number of network nodes is
3The value ofmax {Tf’i} might be estimated by each node on the basis
of its own characteristics and the same is truerfom; {7} ; }. 5As to our purpose, thaetwork lifetimehas been assumed in a strict sense,
4It might be due to the fact that a node could have joined thevorét i.e., as the time interval after which the first node is turoéd
extremely late or even have changed its position. SFor instance it is equal to two years and half in the worst case



depicted, again in the case of omnidirectional antennas aad = .tparszer g | ZZaIU; |
. . . . f . onitore rea X
directive antenngs with two, four, SiX, eight possible da_gu NUmber of nodes [0, 50
sectors, respectively. It could be noticed that the adapbib Number of angular sectors [1,2,4,6,8
omnidirectional antennas minimize the packets collisieven Frame duratioril’; [s] [10, 25, 50, 75, 93]
. . 0,
in the case of densely deployed nodes, while the convefse Tranz;‘%g’;'zgw[e/;’][dlam] [17'6'75}
. . . £
is true for directive antennas mostly due to the presence o Receiver attenuation [dBM] 0
hidden nodes, as the coverage area gets smaller in terms of Receiver sensitivity [dBm] -90
azimuth and an increasing number of nodes become invisible Transmitting antenna gai6'; 0.5,1,2,3,4
However, as the angular resolution increases, a lower numpe Féi‘;g;’)'l”ﬁ’] l;‘;‘ﬁg\;‘; ?rffh’j 0‘5’55363’4
of nodes might inFerf(.ere with a third nodg when t_ransmittir 8 Cost of 1 HELLO pkt transmission [mAh] 6-10°°
and the communications become reafigint-to-point This [ Cost of 1 HELLO pkt reception/channel sensing [mAfs] 2.777 - 10~ >
effect is more evident in the case of directive antennas with Cost of sleeping [mA/s] 2.97-10°°
a number of possible angular sector greater than four as for—\umber of channel sensing with CSMA/CA 6
: . . Time duration of a channel sensing attempt [s] 0.02
lower values a sort oépatlal_bllndnesss always preseft . Hello packet size [B] g
The adoption of a medium access scheme following|a Transmission Bit-rate [Kb/s] 250
CSMAI/CA approach implies that a new channel sensing |is _Packet error-rate [%] >
Simulated time interval [s] 86400

randomly scheduled whenever a channel is not detected

idle. This allows to avoid packet collision, whilst reducing the

link throughput. To conclude this analysis, Fig. 6 pointsthe
probability of finding the channel occupied as a functionhaf t

as
TABLE |
PARAMETERS VALUES ADOPTED WITHIN THE NUMERICAL SIMULATION

CAMPAIGN.

number of deployed nodes. In this case the most conservative

scheme, that is the omnidirectional one, highlights thestvor

behavior for this parameters being compensated by a begﬂ

collision probability, while the opposite happens for mor
directional antennas.

IV. CONCLUSIONS ANDFURTHER DEVELOPMENTS

WSN paradigm it is widely considered as the most promis-

ing for intelligent environments instrumenting, leading t

novel communications scenarios. However, this could be pur

sued by means of effective protocols design, since WSN nod
present specific constraints, as far as the limited reseutice
low degree of mobility and the unattended operations.

This paper deal with both the sleep/active states power

management as well as the introduction of directional ardgen

and their integration within the communications framework

following a cross-layer design. A novel MAC layer protocol,

namely Directive Synchronous Transmission Asynchronng]

Reception (D-STAR) is proposed, aiming at expanding th
capabilities of previously introduced STAR MAC approach [6

toward the management of directive antennas neither iacrea{g

ing the signaling overhead nor affecting the set up latelnaty,
achieving energy consumption reduction.

D-STAR protocol has been characterized in terms of func[g

tional characteristics, state transitions diagram repregion

and the related time charts for different use cases. Theatbvef10

communications protocol performance is presented, inde&fm

network lifetime gain, set-up latency and collision proitigh [

pointing out a remarkable gain with respect to the basic _ ,
[12] “EU STREP FP6-IST-045299-STREP "DustBot”" [Onlindjvailable:

approach endowed with omnidirectional antennas.
Future developments of the present research activity mig
include the protocol implementation and testing over a

] as well as the application to fields different from the
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realistic user defined scenarios like those proposed in, [10]

It could be noticed that in any case the maximum value forisioti
probability keeps lower that 2%.

8This statement is true in the case of a symmetric link, i.éth the same
antenna at the receiver and transmitting sides. Othentisgyerformance are
limited by the antenna with lower directivity.

nvironmental monitoring as the emergency operations with
specific requirements [12].
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