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Abstract— In mobile ad hoc networks (MANETS), every node substantially low energy is consumed but no communicatfon i
overhears every data transmission occurring in its viciniy and  allowed [14]. For instance, Lucent’s WaveLAN-II consume$51
tShus_, col\;lsugnes_, eneFr)gSyMunneceslfanly. In b'EE'(Ej 80_2-13 bp?cwerWatt and 0.045 Watt in the idle-listening and low-power plee

aving Mechanism ( ). a packet must be advertised before state, respectively [14]. More than 25 times different gperost

it is actually transmitted. When a node receives an advertisd ) .
packet that is not destined to itself, it switches to a low- clearly presents the benefit of using the low-power sleefe.sta

power sleep state during the data transmission period, andhus, IEEE 802.11, which is the most popular wireless LAN stan-
avoids overhearing and conserves energy. However, sincense dard, exploits this hardware capability to support tRewer

MANET routing protocols such as Dynamic Source Routing Saving MechanisnfPSM) in its medium access contrdMAC)
(DSR) collect route information via overhearing, they woutl |ayer specification [2]. Each radio can be in one of two power
suffer if they are used in combination with 802.11 PSM. Alloving management modeactive modgAM) or power savéPS) mode.

no overhearing may critically deteriorate the performance of S . .
the underlying routing protocol, while unconditional overhearing A device in AM stays awake all the time. It can communicate

may offset the advantage of using PSM. This paper proposes gat any moment but wastes energy during idling. A device in
new communication mechanism, called RandomCast, via which PS mode periodically wakes up during the packet advertiseme
a sender can specify the desired level of overhearing, makin period, calledAd hoc (or Announcement) Traffic Indication Mes-
a prudent balance between energy and routing performance. sage (ATIM) window, to see if it has any data to receive. It

In addition, it reduces redundant rebroadcasts for a broadast pyts jtself into the low-power sleep state during the subest]

packet and thus saves more energy. Extensive simulation w§  yo.- transmission S
) o e period if it is not addressed, but stayskew
ns-2 shows that RandomGCast is highly energy-efficient comped otherwise to receive an advertised packet. However, 80RSN

to conventional 802.11 as well as 802.11 PSM-based schenies, | o ) . .

terms of total energy consumption, energy goodput and eneyg IS originally designed for single-hop wireless LANs andtHier

balance. research is required to efficiently use it in a multihop MANET
Index Terms— Energy balance, Energy efficiency, Mobile ad The main goal of this paper is to make the 802.11 PSM

hoc networks, Network lifetime, Overhearing, Power saving 2aPPlicable ina MANET when a popul@ynamic Source Routing
mechanism. (DSR) [12] is used as a network layer protocol, and to achieve
an additional energy saving by identifying and eliminatimg-
necessary communication activities. More specificallis gaper
has been motivated by the following two observations. Fist

A major concern inmobile ad hoc network§MANETS) is main trouble in integrating the DSR protocol with 802.11 PSM
energy conservation due to the limited lifetime of mobileides. comes from unnecessary or unintendegrhearing Overhearing
It also impacts the network lifetime because they colletyiv improves the routing efficiency in DSR by eavesdropping 1othe
form a network infrastructure for routing in a MANET. Sincecommunications to gather route information but it spendgaifs
wireless communication could be responsible for more thah hicant amount of energy. Second, it is important to note thagtrof
of total energy consumption [16], a great deal of effort hasetwork-layer solutions developed for MANETS including RS
been devoted to develop energy-aware network protocole swtepend on broadcast flood of control packets. Unconditional
as Power-aware routing5], [24], [30], [31] andtransmit power forwarding of broadcast packets is wasteful and even hdarmfu
control (TPC)-based algorithms [3], [8], [13], [15]. Essentiallybecause it generates many redundant rebroadcasts. Tres pap
they have concentrated on reducing energy spent for actipmposes a message overhearing and forwarding mechanism,
communication activities such as transmission and remepti  called RandomCastwhich makes a judicious balance between

However, wireless radios still consume energy during théode energy and network performance. In RandomCast, a node may
of inactivity. In fact, idling listening usually accounts for a decide not to overhear (a unicast message) and not to forward
larger part of the total energy consumption because radimgin (a broadcast message) when it receives an advertisemeng dur
inactive for a longer duration than in active state [22]. iEfiere, an ATIM window, thereby reducing the energy cost without
many radio hardware support low-power sleep state, durinighw deteriorating the network performance.

Key contributions of this paper are three-fold: (i) It pretsethe
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More importantly, it helps avoid the semantic discreparmynfl its route cache. Overhearing improves the network perfooma
in most of MANET routing protocols. For example, in DSR, whemy allowing nodes to collect more route information. Nodes i
a node transmits a unicast packet, it in fact expects thatfalf the vicinity of a transmitter would learn about the path te th
neighbors overhear it as if it is a broadcast packet. Thisots ndestination via overhearing.
the case in the proposed RandomCast protocol. (iii) Conapare 2) Effect of overhearing:To better understand the effect of
to our earlier work [19], this paper shows that the problem @fverhearing in terms of routing performance and its impiara
unconditional or unnecessary forwarding of broadcastgigokan on energy consumption, Fig. 1 compares 802.11 with and witho
also be taken care of in the RandomCast framework. overhearing under the simulation scenario detailed in Section
The performance of the proposed RandomCast schemelVsA. Figs. 1(a) and (b) compare the two in terms pécket
evaluated using the ns-2 network simulator [1] in comparisalelivery ratio (PDR) and packet delay, respectively. As can
to 802.11, 802.11 PSM an®n-Demand Power Managementbe inferred from the figure, overhearing improves the networ
(ODPM) [32]. ODPM is one of the most energy-efficient MACperformance, pronounced more at higher traffic condition. T
schemes developed for MANETs and is discussed in detail itientify the cause of the performance difference, the nunolfe
Section I-B. According to the simulation results, the mepd packets transmitted and that received/overheard is cadpiar
algorithm reduces the energy consumption as much as 50% #igk. 1(c) and (d), respectively. In both figures, data pickee
31% compared to the original IEEE 802.11 PSM and ODPMominant. However, the number of control packets (RREQ, RRE
respectively. On the other hand, network performance susch @nd RERR) increases when packet rate increases as showa in th
it packet delivery ratio (PDR) could be at a disadvantageh wifigure. In Fig. 1(c), 802.11 without overhearing results ioren
RandomCast because nodes are not able to transmit or recetvetrol packets and a slightly larger number of data padkets
packets when they are in sleep state. In order to examine thigh overhearing. Total traffic in the network is not signéfitly
performance tradeoffs, we measure a combined metric, dcalldifferent as in Fig. 1(c).
energy goodpu{KBytes/Joule), which is defined as the number
of bytes delivered per unit energy. RandomCast achieves E — o

&— + 5
much as 64% and 63% higher energy goodput than 802.11 PSLL = N
and ODPM, respectively, which exhibits the overall benefit 0 & * 8’
RandomCast. ﬂg 60 g3
The rest of the paper is structured as follows. Section bemes £ S2
the background information on the DSR routing protocol anc°’ 3
IEEE 802.11 PSM. Section Il presents the proposed RandsmCa3 g “ &t +
protocol and its integration with DSR. Section IV is devoted £ e 53 55
. . . . . Packet Rate (pkt/sec) Packet Rate (pkt/sec)
extensive performance analysis. Section V discusses sbe isf (a) Packet delivery ratio (PDR) (b) Packet delay
packet latency, which is a demerit of 802.11 PSM and its wisia . -
such as RandomCast. Section VI draws conclusions and figes [ : g
future directions of this study. [ 8
Il. BACKGROUND 5. 8-
We assume that mobile nodes employ the IEEE 802.11 P! § ! él
for energy efficient use of the shared medium and DSR for disct °'z DH H H .:..:.:@FH:\
ering and maintaining routing paths. Section I1-A SUMMEBINE oy, sk iimenig s sinakvenearng 502,11 vith ety cOB 1 ot Sverhearg
DSR routing protocol. It also discusses the effect of ovaring in (c) Number gfa cr;gglzgt(spkgrs;%smnted (trafffd) Number %afksgzéﬁé?gvsﬁgcelved or over-
DSR and argues that unconditional overhearing and rebasa@ implication) heard (energy implication)

the main reason behind energy inefficiency. Section II-Blarp

802.11 PSM and previous research work on its use in singhe-hgg. 1. Effect of overhearing. (50 nodes in 300500m2, 30 CBR streams
and multihop networks. generated by 21 nodes, pause time of 100 seconds, and thenumaxiode
speed of n/s. Note that the scale in (d) is ten times larger than in (c).)

A. DSR Routing Protocol However. the number of k .
’ packets received or overheard shows

1) Route discovery and maintenanc&Vhen a node has athe opposite trend and the gap is quite significant as shown
data packet to send but does not know the routing path iip Fig. 1(d). Although less traffic is generated, nodes exei
the destination, it initiates theoute discovery procedurdy or overhear more packets when overhearing is enabled. Note
broadcasting a control packet, caliedite reques(RREQ). When  that energy consumption of a node is usually dominated by the
an RREQ reaches the destination, it prepares another tonfigckets received/overheard because they are much more than
packet, calledoute reply(RREP), and replies back to the sourcghose transmitted. Note that the scale in Fig. 1(d) is teresim
with the Complete route information. Upon receiVing an RRE%rger than in F|g l(C) In Short' Overhearing increasedfitr
the source saves the route information in its local mem(ﬁwed (and energy Consumption) but improves network performahce
route cache for later uses. Since nodes move randomly in @ therefore important to know how to make a prudent tradeoff

MANET, link errors occur and a route information that inobsd petween the two and how to control the level of overhearing.
a broken link becomes obsolete. When a node detects a liak err

during its data transmission, it sends another control@tacklled 1, the DSR implementation in ns-2 (version 2.30), overhearian be
route error (RERR), to the source and deletes the stale route frasimply disabled by modifying the constant “dsragesttap” to false.



For a unicast packet toR; For a broadcast packet

3) Unconditional overhearing and stale route problem in DSR (needs to be acknowledged) (needs no acknowledgement)
In addition to the energy inefficiency, overhearing brings i
several undesirable consequences. For example, it cogtd\sage s, AAT'M \
the stale route problem, the main cause of which is node itobil ‘ ;ﬁs -
When nodes move, wireless links break and an upstream nege W
propagates an RERR packet to evict stale route informatmm f Contention period  oyra] 4 All five nodes
route caches of the nodes along the path. However, sincefiiok s, mandated by CsMA_"'2 / /[ rw | remain avaken
information (or RERR) is not propagated “fast and wide” [20]R J
route caches often contain stale routes for an extendeddpefi Rs
time. ATIM window (e.g. 50 msec) Data transmission peric

Now, overhearing could make the situation worse. This is
because DSR generates more than one RREP packets for a r?lft(e) cast and broadcast packet (all fi q e dur
. . . e . a ne unicast ana one broadcast packet (all five nodes meamaken auring
dlscovery to offe_r alternatlve. routes in adqlltlon .to_ then;gry the entire beacon interval)
one. While the primary route is checked for its validity dgrithe

Beacon interval (e.g. 250 msec)

communication be_twgen the source and the destinatiomnatiee (et Dk ged)
routes may remain in route cache unchecked even after they /
become stale. This applies not only for the nodes along the A”‘M ‘ -
alternative routes, but also for all their neighbors beeatey St o -
learned and kept them via unconditional overhearing. ‘ SIS Eﬂmf
s . . . . CK
4) Unconditional overhearing and semantic discrepancy ift Iy o y .

. . . . . Contention period ' e our nodes
DSR: Every node in DSR aggressively collects route informatiog mandated by CSMA_"',.> AATIM \ remain awaken
via overhearing but it introduces a semantic discrepancgligs ]

. . . SIFS —
cussed in Introduction. A unicast packet (data, RREP or RERR pires

-

is intended for the designated receiver only but the trattemi

. . . .. . R, sleep

in fact wishes that other nodes in the proximity overhear it : ° o
However, when nodes employ 802.11 PSM, they do not wake up ATIM window (e.g. 50 msec) Data transmission periot
to overhear unintended packets, disrupting the normalatiper Beacon interval (e.g. 250 msec)

of DSR. In the proposed RandomCast algorithm, a desired ley® Two unicast packets (four nodes remain awaken but dglsleeps during
of overhearing can be specified for each packet and thusy evie data transmission period)
communication is semantically consistent.
5) Unconditional rebroadcast in DSRAnother source of ex- Fig. 2. |IEEE 802.11 PSM (SIFS: Short IFS, and DIFS: DCF IFS)
cessive energy consumption in DSR is unconditional relrastd
An RREQ control packet is meant to every other node in the net-
work and thus each node is supposed to rebroadcast it whreneygtional access method implemented on top of DCF and previde
it receives one. However, in a dense network, some rebretgica contention-free service coordinated by an AP.
of RREQs are redundant while increasing the network traffic a 1) 802.11 PSM in single-hop networkBower saving in PCF
well as wasting energy resource for transmitting and réegiv js achieved by the coordination of the AP. As discussed in
the rebroadcasts. This may not be a big trouble when RREQs g{@oduction, each node operates either in AM or PS modeh Wit
rarely generated as in a network with no or less mobility. 0 t pCF, the AP operates in AM and all other mobile nodes openate i
other hand, when node mobility is high, there will be mor&linps mode. The AP periodically sends a beacon for synchranizin
breaks, causing more broadcast packets (RREQs) as wekias thobile nodes in its neighborhood. The beacon inclutiesfic
flooding in the network. Indication Map (TIM), which is a bitmap vector to indicate the
This is a well-researched problem, knownkasadcast storm  traffic and the corresponding receiver. If a node is spectiec
[25]. Recently, there has been an active research on a plisbeb receiver in the TIM, it remains awaken to receive a packeingur
protocol, callecyossiping(4], [9], [17], [21], which addresses this the following data transmission period. It switches off rigglio
problem. A node decides whether or not to rebroadcast a pacggbsystem otherwise.
based ongossiping probability The main goal is to minimize |, \he DCF, power saving is more difficult to achieve. In the
the number of routing packets such as RREQs without deggadigysence of an AP, nodes in the PS mode should synchronize
the network performance. We WI|| show in Sectllon 11 that th%mong themselves in a distributed way [11], [26]. In additia
proposed RandomCast protocol implements the idea of dogsiPpeacon does not contain the TIM and each sender should isevert
in the same way as it does for unconditional overhearing. its own packet by transmitting aAd hoc TIM (ATIM) frame
during the packet advertisement period, callk@lM window
B. IEEE 802.11 Power Saving Mechanism (PSM) Each packet is buffered at the sender and is directly tratesini
According to the IEEE 802.11 standard [2], there are twi® the receiver during the following data transmission qeri
medium access methods depending on the existence af@ass Fig. 2 shows the PSM protocol in the DCF with an example
point (AP). They are referred to aBistributed Coordination mobile network of five nodes$;, Ry, S2, Rs, and R3. In Fig.
Function (DCF) and Point Coordination Function(PCF). The 2(a), nodeS; has a unicast packet for noda and nodeS; has a
DCF uses a contention algorithm based on the principleasfier broadcast packet. They advertise them during the ATIM windo
Sense Multiple Access with Collision Avoidan(@SMA/CA) as shown in the figure. Note that nodgsand.S; compete against
and delay, known asnterFrame SpacgIFS). The PCF is an each other using the CSMAJ/CA principle for transmitting the



ATIM frames. NodeS; needs an acknowledgment (ATIM-ACK) n). In other words, when a node has more neighbors than its
from nodeR; but nodeS, does not. In this scenario, all five nodeseighbors, its backbone probability is increased becausan
remain awaken during the data transmission period in order help reduce the number of AM nodes by electing itself as an AM
receive the unicast and/or the broadcast packet. Consi¢her node,i.e., P = %’} wherec is a tunable constant [18].

example in Fig. 2(b). Here, nod&s and.S; have a unicast packet Traffic-Informed Topology-Adaptive Netwo(KITAN) is an-

to Ry and Rs, respectively, and thus nodeés, Ry, S3, and Re  other probabilistic algorithm that improves over ODPM.dtdrs
must be awaken. However, nod& can switch to the low-power AM nodes when selecting routing paths at the network lay8}. [2
sleep state immediately after the ATIM window because itsdoét can be easily accomplished when PS nodes delay forwarding
not have any packet to receive. It is noted that nédeshould RREQ packets. Discovered routes could be a long way around
remain awaken if it needs to overhear unconditionally. compared to the shortest ones but they utilize more AM nodes

2) 802.11 PSM in multihop network®ote that the aforemen- for delivering traffic. PS nodes would sleep for a longer tlora
tioned scenarios assumes that every node is within evepr'sth than in ODPM and save more energy. The backbone decision
radio transmission range. Thus, they are not directly apble in (AM node) depends on the number of neighbors as well as the
multihop mobile networks. Recently, a number of researchigs number of neighboring AM nodes.
have studied how to utilize the PSM in multihop networks. SPA  Our approach in this paper is different from the aforemerettb
[6] mandates a set of nodes to be in AM, while the rest of tHchemes in that every node operates in PS mode and is not
nodes stay in the PS mode. AM nodes offer the routing backbof@gjuired to switch between AM and PS mode. This means that
so that any neighboring node can transmit a packet to oneeof thany node won't fall in a potential danger to be an AM node for
without waiting for the next beacon interval. A drawback st an extended period of time and die earlier than others. Tdutdc
scheme is that it usually results in more AM nodes than necgssaffect the network lifetime too. RandomCast not only redutte
and degenerates to all AM-node situation when the network @¥erall energy consumption but also improves the energynial
sparse. More importantly, it does not take the routing osach among the nodes leading to a longer network lifetime.
into account because it usgsographic routingand assumes that
location information is available for free. This is neithrealistic  |Il. RANDOMIZED OVERHEARING AND FORWARDING USING
nor compatible for use with DSR as pointed out in [18], [28]. RANDOMCAST

Zeng and Kravets suggested a similar approach, called s section describes the propos@dndomCasprotocol. It
Demand Power ManagemerfODPM) [32], in which a node 5 gesigned to improve energy performance by controlling th
switches between the AM and PS mode based on communicatige| of gverhearing and forwarding without a significanipént

events anq event-induced timeoutl vglues. For example, when, network performance. Compared to the algorithms predent
node receives an RREP packet, it is better to stay in AM fgg gatign [I-B, the proposed scheme assumes that mobilesnod

an extended period of im&kREP timeoytbecause it will most o010 802,11 PSM and consistently operate in the PS mode.
probably need to forward data packets in the near future.édew geciion |11-A presents the basic idea of RandomCast and its
this scheme asks for each node to switch between the AM antages. Sections IIl-B and IIIl-C discuss the RandomCas

PS mode frequently, which may incur non-negligible ovedheanochanism for unicast and broadcast packets, respectRaly

Moreover, each node .needs_ to know apd maintain the. ,pov‘fﬁ{mization algorithm is described in Section IlI-D and Smtt
management mode of its neighbors. This may not be trivial g¢ analyzes the tradeoff between energy and the quafitpute

it requires either an additional energy cost or an extend®#el i tormation in RandomCast. Other design issues are preseént
delay if the information is not accurate. Also, its performo@ gqction 1I1I-F

greatly depends on timeout values, which need fine tuning wit

the underlying routing protocol as well as traffic condigorfror

example, consider that a node stays in AM for five consecutife NO, Unconditional, and Randomized Overhearing

beacon intervals upon receiving a data packsté timeou} as In RandomCast, a transmitter is able to specify the desines |
suggested in [32]. If data traffic is infrequent, say oncergsx of overhearing. Consider that nodetransmits packets to node
beacon intervals, the node stays in AM for five intervals with D via a pre-computed routing path with three intermediateesod
receiving any further data packets and switches to a lowepovas shown in Fig. 3(a). Only five nodes are involved in the com-
sleep state. It receives the next data packet while opgratin munication and the rest would not overhearrib (overhearind
the PS mode, and thus, decides again to stay awaken for anotheéwever, it is oftentimes the case that every neighbor ipssgd
five intervals. Packet delay is not improved but it consumesem to overhear as in DSR. This is shown in Fig. 3(bh¢onditional
energy than unmodified 802.11 PSM. overhearing.

Alternatively, a probabilistic decision on AM or PS mode Randomized overhearirgdds one more possibility in between
has been studied in recent years, in which a backbone netwtiik two. As shown in Fig. 3(c), some of the neighbors overhear
consisting of AM nodes is constructed as in SPAN. Howeveout others do not. Those that chose not to overhear will switc
unlike SPAN, the number of AM nodes is reduced based @o a low-power sleep state during the following data trassmi
heuristics. In Li and Li's recent paper [18], each node makes sion period, saving substantial amount of energy compaoed t
AM-node (backbone) decision based on the number of neighbounconditional overhearing. With respect to route infoliomgt this
i.e., the backbone probabilit P) is inversely proportional to the does not necessarily deteriorate the quality of route métion
number of neighbors (say;). This is based on the observationdue to its spatial and temporal locality of route informatio
that having more neighbors usually means more redundancyGdonsider an example in Fig. 3(c), in which nodésand B are
terms of connectivity. The backbone probability is thenuathd two intermediate nodes along the path from nstdéo D. Node
based on the average number of neighbors of its neighboys (s8 forwards an RREP to nodd (and ultimately to nodes) and
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(a) No overhearing

(c) Randomized overhearing

Fig. 3. Delivery of a unicast message with different overimgamechanisms.

later nodeA forwards a number of data packets to ndgldand
ultimately to nodeD). NodesX andY are two neighbors ofA
and B and they will learn about the routing path (~ D) by
overhearing any one of the communications between nddsasd
B.

B. RandomCast for Unicast Packets

The RandomCast protocol enables a transmitter to choose
unconditional, or randomized overhearing for its neiglsbdt is
specified in the ATIM frame and is available to its neighbgrin
nodes during the ATIM window. For practicality, it is imple-

mented in the context of IEEE 802.11 specification by slightl

modifying the ATIM frame format as shown in Fig. 4. ATIM
frame is a management frame (typ@.) and its subtype is

10012 according to the 802.11 standard. The RandomCast pro-,

tocol utilizes two unused subtypesl01, and 11104, to specify

randomized and no overhearing, respectively. An ATIM frame

with the original subtypel001, is recognized as unconditional
overhearing, and thus, conforms to the standard.
When a node (its MAC addresil A) wakes up at the be-

Format of an ATIM frame (length in octets)

’ FC | DI | DA | SA | BSSID | sC | Framebody| FCS ‘

2 2 6 6 2 4
DI: Duration/Connection ID

DA, SA, BSSID: Addresses of destination, source, and IBSS

SC: Sequence control

Frame body: Null for ATIM frame

FCS: Frame check sequence

6 o(nully

FC: Frame control (length in bits)
To
DS

More]|

Protoco
Frag

Pwr
Version

Retry| Mgt ’gg{:| WEPlOrder‘

Fr0n1
DS
2 2 4 1 1 1 1
Type: 00 for management frame such as ATIM frame
Subtype: 1001 for ATIM frame (Unconditional overhearing)
1101 for ATIM frame (Randomized overhearing)
1110 for ATIM frame (No overhearing)

‘ Type | Subtype|

1 1 1 1

Fig. 4. ATIM frame format. (Note that RandomCast additibpalefines
subtypel101, and11102 to specify randomized and no overhearing, respec-
tively. IBSS: Independence Basic Service Set, DS: DistidbuSystem, and
WEP: Wired Equivalent Privacy)

overhear the packet{A # M A, ID = 1101, and decides
to overhear).

Now, as a transmitter, let us consider which level of overinga
is desirable for various types of unicast packets. DSR eysplo
three control packets, RREQ, RREP and RERR. RREQ is a
broadcast and RREP, RERR and data are unicast packets. For
each of the unicast packets, DSR uses the following overigear
mechanism.

+ Randomized overhearing for RREP packétea RREP in-
cludes the discovered route and is sent from the destination
to the originator of the corresponding RREQ packet. For
example, in Fig. 3(c), node> sends an RREP to node
S. Unconditional overhearing of RREP is not a good idea
because DSR generates a large number of RREP packets as
discussed in Section II-A. Therefore, intermediate nodes a
well as nodeD will specify the randomized overhearing for
RREP packets.

Randomized overhearing for data packelis DSR, every
data packet includes the entire route from source to desti-
nation. Each intermediate node.q, nodesA, B, andC in

Fig. 3(c)) as well as the source noded, node S in Fig.
3(c)) will demand randomized overhearing for these packets
so that neighboring nodes.f, nodesX andY in Fig. 3(c))

can overhear them probabilistically.

Unconditional overhearing for RERR packeWhen a link
(e.q, link B—C in Fig. 3(c)) is detected broken, an upstream
node €.g, node B in Fig. 3(c)) transmits an RERR to the
source. It is better for nodes in the vicinity to overheas thi
message unconditionally because the stale route infasmati
must be propagated as soon and wide as possible.

no,

ginning of a beacon interval and receives an ATIM frame for a

unicast packet. The ATIM frame contains the receiver addres

(DA) and subtype D). The node decides whether or notC

. RandomCast for Broadcast Packets

to receive/overhear the advertised packet in the followdaga
transmission period based ohA and ID. It would remain
awaken to receive it if one of the following conditions isistd.

1) The node is the intended destinatidn4 = M A).

Note that the RandomCast algorithm can also be applied to
broadcast packets such as RREQ to allow randomized relasiadc
as mentioned earlier. This is to avoid redundant rebroaslazts
the same packet in dense mobile networks. On the other hand,

2) The node is not the destination but the sender warlRe rebroadcast decision must be made conservatively. i§his

unconditional overhearingl{A # M A but ID = 10015).

3) The node is not the destination, but the sender warig or ps |

°Note that “PwrMgt” in FC indicates the power management madtber

n which the sender of the frame will stay after therent

randomized overhearing, and the node randomly decidesctenmunication is successfully completed [2].



because a broadcast packet may not be delivered to all nodesigndomCast at a node (MAC addressM A, overhearing probability
the network when randomized rebroadcast is used. For egampf 7z 3nd rebroadcast probability Pr)

an RREQ packet may not reach the specific destination nodewnen it receives a frame */

For this reasonrebroadcast probability(Pr) is set higher than Upon receiving an ATIM frame (receiver MAC addreB®A, subtypel D)

overhearing probability( Pr) if (DA == BROADCAST) continue to wake up and receive;
In RandomCast, when a node sends an ATIM for a broadcast &6 /: unicast
n Randomt.ast, when a node senas an 1 for a broadcas if (DA == MA) /* the node is the intended destination */
packet, all of its neighbors receive the packet in the foihgv continue to wake up and receive;
data transmission period but probabilistically rebroatiita Note else if (D == 1001) /* unconditional overhearing */
the difference between the randomized overhearing of aashic continue to wake up and overhear, .
. else if ( D == 1101) { /* randomized overhearing */
packet and the randomized rebroadcast of a broadcast patket if (rand(0, 1)< Pg)
the former, the decision is whether to remain awake andvecei continue to wake up and overhear;
the data packet after receiving an ATIM. However, in theskathe else switch to sleep;
decision is whether to rebroadcast or not. Receiving a lwastd

. ) - else switch to sleep;
packet is mandatory because the ultimate receiver of thedbest 1

packet could be in the neighborhood of the transmitter.

As in overhearing, different broadcast packets are treatdg'/Nen packet queue is not empty */

pon being ready to transmit a frame (receiver MAC addi@ss,

differently. overhearing/rebroadacst levelL requested by DSR/ARP)
« Randomized rebroadcast for RREQ pack@$R requests if (DA == BROADCAST) { _
a randomized rebroadcast of an RREQ packet to the MAC glég#((:)z unconditional) ;)e?d an ATIV:
and the MAC forwards it probabilistically based @f. If if (rand(0, 1)< Pr) send an ATIM;

the node is the source of the RREQ), it will ask the MAC to

broadcast it unconditionally. else { /* unicast ¥

« Unconditional rebroadcast for ARP (address resolution-pro switch OL) {
tocol) request packetsARP request packets are typically case unconditionall D = 1001;
single-hop communication. Since the destination node is case randomized!D = 1101;
expected to exist in the transmitter’s vicinity, unconail case noD = 1110;

rebroadcast must be requested to the MAC. iend an ATIM with subtypd D;

Note that randomized rebroadcast is more effective whee nod }
density or node mobility is high as described in Section II-A
Note also that randomized rebroadcast of a broadcast packeFig. 5. The RandomCast algorithm.
requested by an upper layer protocol (such as DSR or ARP) to
the MAC as described above. The overall RandomCast algorith ~ estimate its mobility based on connectivity changes with it
is summarized in Fig. 5. More details regardiffg and Py are neighbors.
followed in the next subsection. o Remaining battery energyrhis is one of the most obvious
criteria that helps extend the network lifetime: less over-
D. RandomCast Probability hearipg (a lowerPg) and Ie_ss rebroadcast ((_a_lowép) ) if

remaining battery energy is low. However, it is necessary to

A key design issue in the RandomCast implementation is take other nodes’ remaining battery energy into consiiterat
randomization. Basically, each node maintains an oveitgar in order to achieve a balanced energy consumption.
(.rebroadcast) probability’r (BF ), determined using the faqtors Overhearing decision can be made based on the criteria men-
Ilgted below. In other words, if a randomly generated numiber tioned above, but in this paper, we adopt a simple scheme usin
higher thanPg, then a node decides to overhear (rebroadcast)only the number of neighborsPf, = 1 / number of neighbors) to

« Sender ID The main objective of RandomCast is to minishow the potential benefit of RandomCast. On the other haed, t

mize redundant overhearing. Since a node would typicalfgbroadcast probabilityPs is based on a method introduced in
propagate the same route information in consecutive packedection II-B,i.e, Pr = <, wheren is the number of neighbors,
a neighbor can easily identify the potential redundancgtlas; is the average number of neighbors’ neighbors, anis a

on the sender ID. For instance, when a node receives @able constant (4.0 is used in this paper as suggested@jn [1
ATIM frame with subtypel101,, it determines to overhear

it if the sender has not been heard for a while. This means ) .
that the traffic from the sender happens rarely or the noffe Tradeoff between Energy and Quality of Route Information
skips too many packets from the sender. This subsection quantifies the tradeoff between energy lead t

o Number of neighborswhen a node has a large number ofjuality of route information in RandomCast. Let us concatetion
neighbors, there potentially exists a high redundancy. Foode X in Fig. 3(c) in Section IlI-A. Assume that source nofle
example, when a node asks for a routing path by sending sendst packets to destination node. Therefore, an intermediate
RREQ, it is possible that a neighbor offers one. node A forwardsk packets to the next-hop node and nodeX

o Mobility: When node mobility is high, link errors occurindependently decides whether or not to overhear each of the
frequently and route information stored in route caches bg-packets. The following analysis estimates the probability,
comes stale easily. Therefore, it is recommended to overhdélaat nodeX or one of its direct neighbors has a route information
more conservatively (a highgPg) but to rebroadcast more for node D, given thatk communications toward happened in
aggressively (a lowerPr) in this case. Each node canthe proximity. Thanks t@xpand ring searclin DSR [12], route




information in its neighbors’ route cache is consideredditga when it is allowed to send an ARP reply immediately upon

available to nodeX. receiving an ARP request [7]. Since ARP request is sent after
« First, the probability £) that a neighbor of nodé& is within it is announced during an ATIM window, the receiver of the
the transmit range of node can be written as ARP reply packet is most probably awake during the same
data transmission period. Therefore, the ARP receiver does
T . .
TRx UTR4 4fd/2 Vr? —a2dx not have to wait for the next beacon interval to announce
P= 2 = ) ’ the ARP reply packet.
wherer andd denote the transmit range antiX distance, ~* Multiple ATIMs A node is allowed to send more than
andTRy andT R4 denote the transmit area of nodeand one ATIM frames if it has more than one packet to send.
A, respectively [27]. Sincéd € [0, 7], p is estimated 0.59 on Therefore, a node can send multiple packets in a beacon
the average. interval, improving the network performance.
« Second, let the probability| be that at least one neighbor * Neighbor information Each node maintains information
of node X overhears a packet transmission from notle about its neighbors such as the number of neighbors and
Since each of: neighbors of nodeX overhears with the their status. In RandomCast, each node receives ATIMs and
probability P = 1, ¢ can be estimated as— (1 — Pg)"" ATIM-ACKSs during an ATIM window and thus, knows who
n’ *

« Therefore, the probabilityr,) that at least one neighbor of ~ Will stay awake in the following data transmission period.
node X overhears one of packet transmissions from node This is useful to improve the performance because a node

A is computed ag?, = 1 — (1 — ¢)~. can send a packet without announcement if it knows that
A simple calculation shows tha®, is higher than 95% when the receiver is awake. For this to work, a node should keep
k> 3 and is higher than 99% wheh> 7 as long as: > 3. In awake even if it does not receive an ATIM-ACK for its ATIM
other words, in RandomCast withz — L, the quality of route frame. This is in fact required in the 802.11 standard [2].
’ n! . . .
information is impacted very little in comparison to unciiwhal » ODPM: Like Randmeqst, in ODPM, each node should
overhearing. know the status of its nglghbors such as power management
Now, consider the energy performance in RandomCast in com- m_o:e (AM or PS). This way, "?:c nhode can se_ndka packet
parison to the conventional case of unconditional oveihgatn without a prior announcement it the receiver Is known to

RandomCast, nodes are always awake during the ATIM window be in AMIII Hov(\j/ever, e\(/jen if thlf re(jce!ver IS IKT'IA\I\'/\IA ! '?Oges,
(size ofa) but probabilistically ¢) during the rest of the beacon arﬁ noF allowe t?dsgln a pach et u(rjlng, an window;
interval (size ofb). Therefore, relative energy consumption can otherwise, It cou isrupt other nodes’ ATIM or ATIM-

b—a

be roughly estimated a§—+bT when we count the overheard ﬁchf;ﬂ]?ns'oyjzrci\ée;g?/inggelzy??eh?sfgaoﬁgéc?; th;ZCekitr?
packets only. This estimate is not outrageous because earng behalf of ODPM, where nodes wake up more often than
is a major contributor as shown in Fig. 1. Wheiis 50 msec and other schemes. |£ makes ODPM comparable to 802.11 PSM
b is 250 msec as used throughout this paper, it becoﬁgjﬁ; and RandomCast with respect to energy performance.
For example, whem=6, RandomCast consumes about 33% of
energy of unconditional overhearihg

This analysis shows that RandomCast enhances energy-perfor IV. PERFORMANCEEVALUATION
mance without hurting the quality of route information dbed A. Simulation Testbed

via overhearing.
The performance of RandomCast is evaluated using ns-2 [1],

which simulates node mobility, a realistic physical layelio

network interfaces, and the DCF protocol. Since ns-2 doés no

~ This subsection discusses other design issues and impi@meg,, o4t 802.11 PSM, we modified the simulator based on sug-
tion details of RandomCast. It also discusses the implestient gestions in [7]. Our evaluation is based on the simulation of

of ODPM ([32] because it offers a reference performance &h mobile nodes located in an area of 1580300 m2. The

comparison to RandomCast. radio transmission range is assumed to be 250 m andvtbe
« ARP reply When a transmitter knows the IP address dfay ground propagation channé$ assumed with a data rate of

the receiver but does not know its MAC address, it first Mbps. The data traffic simulated onstant bit rate(CBR)
of all sends an ARP request followed by an ARP replifaffic. 20 nodes out of 50 generate CBR streams at the data rat
from the receiver. This happens frequently during routgf 0.2 to 2.5 256-byte data packets every secdyg.). Random
discovery procedures. Consider that a destination regeigaypoint mobility modef12] is used in our experiments with a
an RREQ which includes the identities of the source as WQ’Haximum node Speed of 5m/s and a pause tﬂ?{b@l(se) of 0 to
as all intermediate nodes. However, it may not know thgoo seconds. With this mobility model, a node travels (at §)m/
MAC address of the next upstream node, which may als$gwards a randomly selected destination in the networlerAfte
be the case for all intermediate nodes. An ARP requegbde arrives at the destination, it pauses for the predatetn
is announced (during an ATIM window) and sent in eriod of time {}ause) and travels towards another randomly
beacon interval. The corresponding ARP reply will only bgelected destination. Simulation time is 900 seconds awct ea

announced and sent in the next beacon interval, dramaticadimulation scenario is repeated ten times to obtain stetaty-
increasing the discovery latency. It can be greatly reduce@rformance metrics.

3Simulation study in the next section shows that it i5-83% in Fig. 6(b). We compare four different Schemes: 802f].'1’ 802.11 PSM,
The analysis-simulation gap is due to active transmisséts receptions in O_DPM, and Rand_omCast. _802-1]; is unmodified |EE_E 802.11
addition to overhearing. Note that the gap increases asepaate increases. without PSM. As discussed in Section II-B, ODPM [32] is one of

F. Other Implementation Details



TABLE |
PROTOCOL BEHAVIOR OF FOUR SCHEMES

[ Scheme | Behavior | Expected Performance
802.11 Does not incorporate PSM and nodes are always awake. | Best PDR and delay, but consumes the most energy.
Thus, packets are transmitted immediately whenever they
are ready.

802.11 PSM| Nodes incorporate PSM, and overhear unconditionally. &ack Saves energy compared to 802.11, but consumes more enargy th
are deferred until it is announced in the next beacon inkerva necessary due to unconditional overhearing and uncondltio
rebroadcasts.

ODPM Nodes remain in AM for a pre-determined period of time Less packet delay than RandomCast because some packets are
when they receive an RREP or a data packet or they are thetransmitted immediately. Higher energy cost than RandshCa
source or destination node. Packets intended for an AM noddecause some nodes remain in AM for an extended period
are transmitted immediately. Packets intended for a PS nodeof time.

are deferred.
RandomCast| All nodes consistently operate in the PS mode and the level Less energy than ODPM.

of overhearing and rebroadcast is controlled. Packets are | No switches between AM and PS mode.
deferred until it is announced in the next beacon interval.

=
15
S

the most competitive energy efficient schemes developenhibr
tihop networks. For ODPM, a node remains in AM for 5 secon
if it receives an RREP (RREP timeout). It remains in AM for
seconds if it receives a data packet or it is a source or andeistn
node (Data timeout). These values are suggested in thenalrig.
paper [32]. RandomCast uses no/unconditional/randomized
hearing depending on the packet type as explained in Sec
[1l. We additionally evaluate RCAST, which employs randeed *Packet Rate (pktisec) ® "PacketRate (oktsecr

Packet Rate (pkt/sec) .
overhearing like RandomCast but not randomized rebroadcas (2) Packet delivery ratio (%)  (b) Average energy consumption per
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This is introduced to see the additional performance erdrapat node
due to randomized rebroadcast. 5 [Feen 5 *[Erchet
ATIM window size and the beacon interval are set to 0.02 a £ x| = ™" § ) e

0.4 seconds in ODPM as suggested in its original paper [3 £ | mmraonces €.

On the contrary, they are 0.05 and 0.25 seconds in PSM i !
RandomCast as suggested in [29]. Since nodes are allower §* g™

send packets without prior announcements in ODPM, theyimreqL 3 s | 3 s

a smaller ATIM window than in 802.11 PSM and RandomCa: & . MHHI MH 5

o

Nonetheless, considering the relative overhead due to ATiiv ** Packet Rate (pkifsec) * Number of nodes
dows, ODPM is advantageous in terms of energy consumptioff) Eneray goodput (KBytes/Joule)(d) Energy goodput versus number of

nodes
However, our simulation results show the opposite, whidls te
the superiority of the proposed RandomCast protocol. Table Fig. 6. Performance comparison. (As a reference, if a noalgsstle for
summarizes protocol behaviors of the four schemes withr th@ie entire 900 seconds, it consumes 2083 = 747 Joules. RCAST employs
expected performance. randomized overhearing but not the randomized rebroajicast

B. Performance Metrics
gr%ove with varying packet injection rate (0.2 to 2.5 pack-

. . ets/second). Fig. 6(a) shows that all five schemes delivee mo
energy consumption, energy goodput, packet delivery (RR),
and packet delay. Energy consumption is measured at the ra t&\an 90% of packets successfully under the low traffic caomlit
layer during the simulation based on the specification ofElEEgrgglatedh In theh h'r?h ;;a[():léetﬂ:njecggg 1rftep Stl)\;l)thR?:OAZSlTﬁ an q
802.11-compliant WaveLAN-II [14] from Lucent. The powerR q SCOV\t'g Igher I (302 ‘:2 ODPM dan
consumption varies from 0.013 Watt in a low-power sleepestat andomt.ast because a (802.11) or mo_re_( ) nodes in
0.83, 1.0 and 1.4 Watt in idle listening, receiving and traitting AM and participate in the packet transmission. On the other
states, respectively [10]. The instantaneous power isiptiet hagdh 80(12.11Canfl ODEM cc.)nle:{meGrTl;oreF-enzrgy than RCAET
by the time duration to obtain energy consumption. In oraer gnd Randomt.ast as shown in =g (b). Fig. 6(c) compares the

examine the performance tradeoffs, a combined metriceaal €€ goodput. RandomCast achieves the best energy goodpu

doutKBvtes/Joule). has b d in thi P[erformance regardless of the packet injection rate. Itiquéar,
energy goodputkBytes/Joule), has been used in this paper. der the low traffic condition, the energy goodput of Random

th b f bytes deli d fully pe
gwneearzt;res © number of bytes deflvered successitly per dg;lst is 2.2.5 times higher than 802.11. In comparison to 802.11

PSM and ODPM, energy goodput is improved by-834% and
13~63%, respectively.

It is important to note the performance difference between
Fig. 6 shows PDR, the average energy consumption per noB&AST and RandomCast. RandomCast achieves a higher PDR,
and energy goodputs for the five different schemes mentionpdrticularly when packet rate is high as shown in Fig. 6(&)sTs

Performance metrics we have used in our experiments

C. Simulation Results
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Fig. 7. Average energy consumption per node (energy cornsomgue to
transmission (Tx), reception/overhearing (Rx), idle, atekp is shown).

because of the lower network traffic due to broadcast paekitts
RandomCast. In addition, it achieves lower energy consiompt

as in Fig. 6(b). Overall, its energy goodput is as much as 23%

better than RCAST. It is noted that the additional energynemsv

due to randomized rebroadcast could be even larger when node
mobility or node density is high. Fig. 6(d) compares RCASd an
RandomCast with varying number of nodes. The performance
gap is not dramatic, but we can observe a trend that verifies ou
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increasing order of energy consumption for a better prasien).

energy consumption.

o Third, it is noted that randomCast exhibits a relatively-con

sistent idle energy regardless the traffic. Across the gacke

injection rate of 0.22.5, the maximum and the minimum

idle energy differs 23.3%, which should be contrasted to
102.0%, 50.0% and 69.6% with 802.11, 802.11 PSM and
ODPM, respectively. It is due to the judicious power man-

argument. For example, when the number of nodes in the networ

is 100, RandomCast achieves 8% higher energy goodput.

Per-node energy consumption in Fig. 6(b) has been redrawn in

more detail in Fig. 7. Total energy consumption is broken mow

into transmission (Tx), reception/overhearing (Rx), idie sleep
energy. Figs. 7(a), (b), (c) and (d) correspond to 802.12,180

PSM, ODPM and RandomCast, respectively. From the figures,

we made the following interesting observations:

o First, energy consumption due to transmission and sleep is

negligible. It represents only 0:38.0% (Tx) and 0.8-1.6%

(sleep) of total energy consumption. Sleep energy is nieglig
ble because a node consumes two orders of smaller energyVhile RandomCast is advantageous in terms of total energy, i
doesn't necessarily bring in a balanced energy consumptiorss
« Second, energy consumption due to idle is in general tiige nodes in the network. It is of primary interest becaua#fétts
largest. This is the case with 802.11 as shown in Fig. 7(dhe network lifetime as high-consuming nodes exhaust their
In particular, when the packet injection rate is low, nodesatteries deteriorating the network connectivity in a MANHO
consumes most of their energy in an idle state. Therefoigge the energy balance, Fig. 8 shows the energy consumition o
to save energy, nodes should switch to a sleep state as matttp0 nodes drawn in an increasing order of energy consampti
as possible while maintaining a good network performanckigs. 8(a) and (b) shows the results in static scenario gt
This is what RandomCast does. Idle energy is the smallegt 900 seconds), while Figs. 8(c) and (d) show the results in
and it doesn’t vary much with different packet rates as drawnobile scenario (pause time of 0 second). Figs. 8(a) and (c)
in Fig. 7(d). At the packet rate of 0.2, RandomCast consumsgnulate low-traffic condition (0.5 packets/second) angsFB(b)
109%, 47% and 27% less idle energy than 802.11, 802.and (d) simulate higher-traffic scenario (2.0 packetsisgcoin
PSM and ODPM, respectively. This holds true for higheall the figures, 802.11 consumes the maximum energy sinaesnod
traffic condition except the packet rate of 2.5, where ODPMeep awake during the entire period of simulation time (aste
consumes less idle energy than RandomCast although €h83 Wati900 seconds = 747 Joules).
difference is just 24.8 Joules as shown in Figs. 7(c) and (d).Except 802.11, RandomCast outperforms the others with re-
However, at that packet rate, ODPM consumes 37.6 Joukgsect to energy balance, which is more significant in a static
more Rx energy than RandomCast, resulting in more totstenario as shown in Figs. 8(a) and (b). In the two figures, @DP

when it sleeps as discussed in Introduction.

agement of RandomCast and nodes are put to sleep better
when there is no traffic to participate.

Fourth, energy consumption due to reception/overhearing
(Rx) increases with traffic. As shown in Fig. 7, the Rx
energy follows a similar pattern regardless the algorithm
used. However, RandomCast exhibits the smallest Rx energy.
It marks 14.9%, 10.9% and 9.3% less Rx energy than the
other three protocols at the packet rate of 0.2. The reductio
becomes 61.0%, 50.3% and 41.5% when the packet rate is
2.5. The benefit of RandomCast comes from a lower Rx
energy when packet rate is high and it comes from a lower
idle energy when packet rate is low.
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10 CBR connections, it achieves 16.9%3.5% higher energy
goodput than ODPM as shown in Fig. 10(a). On the other hand,
the performance advantage reduces to 6.8%% with 30 CBR
connections in Fig. 10(b). Note that, in Fig. 10(b), energgdput
turates when the packet rate exceeds 1.5 packets perdsecon

Fig. 9. Energy performance versus mobility.

exhibits two groups of nodes - high and low energy-consumi

node groups. The former includes source and destinatioesno here the traffic is simply higher than what the network can
As explained in Section IV-A, they should keep awake (i?olerate

AM) during .the. 900 seconds because the i.nter-pack(.et intervaln short, RandomCast performs on par with other schemes in
(2 seconds in F!gs. 8(a) anq 0.5 second in Figs. 8(b_)) IS 13t _lqerms of PDR but achieves a significant energy saving as well a
than the predefined Data timeout (2 seconds). All intermedi better energy balance in comparison to existing schentes. T

hodes between_a source and a destination belong to the sgme Enefit of RandomCast is significant when traffic is light. STisi
energy-consuming group due to the same reason. Other no &Cause nodes stay in low-power sleep state more inteilgien
belong to th_e latter group. They would not .be bothered ancew andomCast. It consumes less energy at high traffic conditio
up only during theOAOTlgll W'nd%WS consurgln% Iezs (énergy Ig)'salell but the benefit in this case comes from less Rx energys Thi
Wattx45 S?CO'?d% 013 Watk855 seconds = 48.4 5 Jqu S)_ is credited to more judicious overhearing decisions tharerot
as shown in Figs. 8(a) and (b). This division doesn't exighwi schemes

RandomCast because nodes in the vicinity of active communi- '
cation overhear probabilistically. More nodes partiogpat the

ation leading to a beft bal V. RELATED WORK
communication leading to a better ener alance. :
On the other handg the division disgy ears even in ODP This paper concentrates on energy performance of 802.1%: PSM
! P g/lased MAC protocols. However, packet latency is at a disadva

in a mobile scenario as drawn in Figs. 8(c) and (d). Howevetz[ige in any PSM-based protocols because a packet is anmbunce

RandomCast still exhibits a better balance than ODPM. lotedh .
kfefore an actual delivery and the announcement can only de ma

from Fig. 8 that, in ODPM, som_e nodes consum_e an extreme(%e hop at a time in each beacon interval. This is shown in Fig.
small amount of energy, which is not observed in RandomC (a). For a 4-hop routing patis (> D), the packet latency is

and 802.11 PSM. this is because ODPM uses a smaller AT! t least 4 beacon intervals or 1.0 second when beacon ihtsrva

window size (0.02 second in 0.4 second-beacon interval or 5 .
than RandomCast (0.05 second in 0.25 second-beacon ilntera/;jgfr) second. Fig. 11(b) shows the average packet lateney

or 20%) as discussed in Section IV-A. If they use the samis ring the simulation under the simulation scenario exgdi

: ; - —.in Section IV-A. 802.11 and ODPM show the smallest packet
ATIM window and beacon interval, the performance supetori L
. S latency. This is because all (802.11) or some (ODPM) nodes
of RandomCast over ODPM will be even more significant. ; : . . o
ansmit data packets immediately without waiting for thextn

. . tr
Fig. 9 shows the average per-node energy consumption ad]e(gcon interval as discussed in Section IlI-F. In both 8D2.1

energy goodput versus mobility. In Figs. 9 (a) and (b), WheIQSM and RandomCast, each node must wait a beacon interval

packet Tjectlon rate is 0.5 packets_/second, ODPM showsuai;:)m 0.25 second) for each hop, resulting in an extended latdncy
as 40.8% more energy consumption and as much as 80.2% | géition, each link breakage extends the packet latencgiusec

energy goodput than RandomCast. The gap is larger with Iqﬁequires the delivery of RERR to the source as well as the

mobility. Under a high traffic scenario shown in Figs. 9 (C)janbroadcast of RREQ toward the destination, each of whichstake
a few beacon intervals. This happens more in high mobility or
4In our experiment, beacon interval is 0.4 second and ATIMdew size

is 0.02 second in ODPM. Thus, there are 2250 beacon intedwisg the high traiffic Condlt_lon as shown in Fig. 1]i(b)'
900 seconds of simulation time. Nodes in the latter groupimr&M for The aforementioned latency problem in PSM-based protocols

2250%x0.02 = 45 seconds, and in PS mode for the rest 855 seconds. has been addressed in some recent research work. Hu and Hou
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Packet latency from node S to node . . .
is at least 4 beacon intervals. has been active study on multihop networks with respect to

‘ ‘ many aspects including energy efficiency, there is littleoref
H . about how to integrate the well-known IEEE 802.11 PSM with
S 3 : 1 : a multihop routing protocol such as DSR. This study addeesse

| ! \ this important problem and suggests an efficient soluticetan
H H W 3 . 3 RandomCast. The key idea behind the RandomCast development
‘ : : is that unconditional overhearing, which is taken for geant
| H H H .L without PSM, is not freely available with PSM. This is beaaus
¢ ! ! ! ! B packet advertisement is announced independently witheotsp
5 11 to actual packet transmission, and thus, nodes which are not
- - | | | interested in receiving a particular packet can sleep dutie
ATIM window (e.g. 50 msec) D ATIM . DATA actual transmission time to conserve energy. Therefordeso
have an option whether to overhear or not an advertised packe
and this decision must be made considering the tradeofiscteet
energy efficiency and routing efficiency. Routing efficiemomes

Beacon interval (e.g. 250 msec) H ATIM-ACK H ACK

(a) Multihop delivery in PSM-based protocols

o into picture because overhearing is an important tool theyat
\ sz s route information in DSR. Similarly, we explored the use of
o | pamancs RandomCast for broadcast messages in order to avoid remtunda
&9 i rebroadcasts and thus save additional energy.
g, This paper compares the performance of RandomCast with four
° , other schemes in terms of PDR, energy consumption, energy
2 goodput and energy balance through simulation. Our results
N N I indicate that RandomCast significantly outperforms ODPM (a
Packet Rate (pkt/sec) . . .
(b) Average packet latency much as 30% less energy), which is the most competitive sehem

developed for multihop networks employing on-demand rayti
algorithms, without significantly deteriorating the geaderetwork
performance such as PDR. RandomCast also improves energy

considered a mechanism that does not trade off end-to-end p#o0dput by as much as 56%, that is an integrated measure of en-
formance without compromising energy performance [10jeyrh €rgy and PDR. The performance results indicate that theogesp
observed that a major source for packet delay in 802.11 PSMsgheme is quite adaptive for energy-efficient communicatio
wake-up latencya packet can only be traversed one hop in odANETSs. In particular, applications without stringent tirg
beacon interval. Even worse, any intermediate node has ke w&onstraints can benefit from the RandomCast scheme in terms
up twice for packet forwarding - one to receive and the oth&f power conservation.
one to forward [10]. Their proposed mechanism, calléak- RandomCast opens many interesting directions of research
Indexed Statistical traffic PredictiofLISP), introducespseudo- to pursue. First, this paper identifies four factors that tres
ACK packet. When a sender and a receiver exchange ATIM ag@nsidered for the overhearing/rebroadcast decisionsétaze
ATIM-ACK in an ATIM window, the next downstream node cansender ID, number of neighbors, mobility, and remainingegt
send pseudo-ACK packet to inform that it can forward the packenergy. We implemented the RandomCast scheme using only the
during the subsequent beacon interval [10]. A critic of fiheme second factor (number of neighbors) but we plan to invetitie
is that it requires inconsistent modification to the 802.tehdard effect of other three factors (sender ID, mobility, and réevimay
because ATIM and ATIM-ACK must contain information aboufpattery energy) for making the decision. Since these factor
the next downstream node. increase the corresponding overheads, we also need t® &élssis
Dorsey and Siewiorek discussed a similar problem with %adeoffs. In particular, sender ID is the most compellidgai
special focus on route discovery procedure [7]. For the sarfgd can be implemented easily with a simple hashing function
reason stated above, the latency for a route discovery Eralev Remaining battery energy will play an important factor ieegy
orders of magnitude greater than that experienced with&.P balance is critically important. We plan to incorporate tioeicept
They proposedrast wakeupmechanism, where a received ATIMOf RandomCast with other routing protocols.
for a broadcast packet triggers a priority transmissiomefATIM
for rebroadcast of the same broadcast packet [7]. The cueseq ACKNOWLEDGMENT
is that broadcast packets such as RREQs may travel more than Bhis research was supported in part by NSF grants CNS-

Fig. 11. Delay performancelfquse = 100).

hop in a beacon interval. 0509251 and CCF-0429631.
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