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Abstract—We present a new dynamic scheme which continu- BER. We will compare our proposed lifetime-maximizing
ously redistributes a fixed power budget among mobile wirelss scheme with the connection lifetimes enjoyed by the BER-
nodes participating in a multi-hop wireless connection, wth the minimizing power distribution scheme of [4], and in doing so

objective of maximizing the expected lifetime of the conndon. btai f th tent t hich the t biecti
Our experimental simulations indicate that the proposed paer obtain a sense of the extent to whic € two objeclives are

budget distribution scheme yields a significant increase ircon-  IN Opposition.

nection lifetime. We quantify the sensitivity of the performance

gains to various system parameters, including connectionize, Il. RELATED WORK

node density, power budget size, and mean node velocities.eW  Etficient power management for MANETs has been in-

then compare the efficacy of our scheme with two schemes: oneVesti ated in prior research at several protocol layers (se
that simply distributes the power budget uniformly, and onethat g P P Y

distributes the power budget dynamically with the objective of €.9. [1]). As an objective, lifetime ma_Ximization ha§ b_een
minimizing end-to-end bit error rate (BER). In comparing the interpreted in one of two ways: network lifetime maximizatj
relative performance of the three schemes we obtain a quaditive  gnd connection lifetime maximization.

assessment of the inherent oppositions and tradeoffs betese the Network Lifetime. The lifetime of a network is most

objectives of BER minimization and lifetime maximization. frequently defined as the time interval for which the network
is a connected graph. Broadly speaking, the network may
partition (becoming disconnected) when one of two events
Historically [1] reconciling the gap between power coneccurs: (i) the autonomous movement of a node causes some
sumption and supply involved solving the following issueof its incident link(s) to fail due to a shortage of transriugs
(i) improving the powetfficiencyin the system; and (ii) pre- power, or (ii) some node exhausts its energy supply suffigien
venting the system deconstruction due tdaimpower usage. so that some of its incident links fail. Most prior researeh o
In their earlier work [2], [3] the authors proposed addnegsi network lifetime attempts to delay the onset of these twesyp
these concerns by normalizing the measurement of relatwieevents—the most frequent emphasis being on event type (i
“efficiency” and “fairness” using a model in which everysee e.g. [5], [6]—by extending the network routing protacol
connection is assigned a fixed power utilization budgets Thinake it energy-aware and using a route selection strategy th
assigned budget reflects the connection’s priority, orequi facilitates optimization with respect to the network'stife.
lently, the benefit that the system derives in maintainirg th Connection Lifetime. Somewhat analogously, a connec-
connection. In consumer MANETS, for example, this benetfibn’s lifetime is typically taken to be the time interval g
might be based on financial incentives provided by a payinghich all of the connection’s constituent links are openail.
satisfied customer, while in military MANETS it could reflectA link in a connection ceases to be operational when one of
the extent to which the connection is essential to achievibgo events occurs: (a) the autonomous movement of one of
a positive outcome for some coordinated mission objectivibie link’s endpoints causes it to fall out of transmissionga
In [4], the authors considered the opportunities affordgd lof the other endpoint, or (b) one of the two endpoints extsaust
such a model vis-a-vis minimizing connection bit error ratigs energy supply, causing the other endpoint fall out of
(BER), and presented a distributed scheme which minimizednsmission range. Most prior research on connectiofintie
a connection’s end to end BER by continuously reapportgnimattempts to delay the onset of these two types of events—
its power budget among its constituent (static) nodes. the most frequent emphasis being on events of type (a), see
This work diverges and extends the earlier investigatioesy. [7], [8], [9], [10], [11]. The main approach has been
of the authors [4] in two very significant ways: First, thifas was the case in research on network lifetime) to extend
paper considersnobile nodes instead of merely consideringhe network routing protocol by making it energy-aware, and
static snapshots of a dynamic network; secondly, our oligectthen to make route selection sensitive to connection fifeti
here is to leverage the ability to dynamically distribute anaximization. In [7], [8], [9], [10], for example, the auti®
connection’s power budget towardsaximizing expected con-proposed new routing protocol extensions based on findiag th
nection lifetime rather than towards minimizing connectiorpath which probably has longest lifetime among many possibl

I. INTRODUCTION



paths from source to destination. In these studies, thesrout IV. NETWORK MODEL
selection process was based on the received signal strahgth

L . We consider a wireless ad-hoc network consistingN\of
each of the nodes [7], [9], transmission range and the velati . . C o
n&des equipped with omni-directional antennas that can dy-

[slple]ed of the nodes [8], or recent changes in signal Strenﬁamically adjust their transmission power. We model this
’ network as a geometric graghl = (V, E), whereV is the
set of nodes and’ is the set of edges. Each node is assigned
[1l. PROBLEM DEFINITION a unique ID: in {1,...,|V|}, and node can send data with
a dynamically tunable transmission power.
The prior research described in the preceding section adiireless propagation suffers severe attenuation [15Jodfen

dresses those situations in which there is a very limitgdransmits with powet?, (i), the power of the signal received
amount of energy available at each node, as is the case §grnode j is given by P,.,(j) = Pi(i) \where di; is the

T exd®?
i

example, in sensor networks or networks consisting of Sma‘gtance between nodesand j, and a,cjare both constants,

mobile devices. Additionally, the strategies adopted ie trhnd usually2 < o < 4 (See [15]). In order to correctly decode

prior research have centered on the routing layer, vissa-yj,o signal at the receiver side, it is required thag, (j) >

energy-aware path selection. In contrast, we consider aernog x No, wheref, is the required signal to noise ratio (SNR)

. : N . 0,
in which each connection's power requirements are modegy Ny is the strength of the ambient noise. We denote the

compared to battery capacities, and where there are mamyin,m signal power at which nodeis able to decode the
connections which have been prioritized relative to eatlerot received signal a®,;, = fo X No
min — .

by assigning each connection its own fixeolwer budgeti.e.

a cumulative energy utilization rate). Our model betteree V. POWER DISTRIBUTION SCHEMES
the realities of battlefield settings in which the MANET nede ] ] o
are unmanned autonomous vehicles [12], [13]. The following sequence of observations are the intuitive

This work thus begins at the point where the research effofndation for the power distribution scheme we propose:
on energy-aware routing end; we assume at the outset that) When a multi-hop connection fails, it does so because
the problem of route selection has been resolved e.g. by one at least one of its constituent links has failed.
of the schemes cited above. We describe a dynamic schem@&) Consider the point in tim& when the first link failure
that continuously redistributes the power budget assigned occurs. Suppose that one lidk of the connection has
a connection among its constituent nodes, with the objectiv.  failed at7" while another linkL, still survives. Then the
of postponing events of type (a), thereby maximizing the = power budget must have been distributed suboptimally,
connection’s expected lifetime in the face of node mobility since givingLy’s endpoints (infinitesimally) less power,
We assume—as other similar investigations [14], [3], [2], [ and L's endpoints (infinitesimally) more power would
have—that each node is able to send with dynamically tunable  have yielded a longer lifetime for the connection.
transmission power. Each connection’s power requirenaets 3) Thus, for connection lifetime to be maximized, power
assumed to be modest relative to energy availability at the ~must be distributed in such a manner that at the point
nodes, and connections are prioritized relative to oneteemot in time when the connection failg|l of its constituent
by means of their power budgets. The proposed dynamic links fail simultaneously.
power distribution protocol is implemented on top of arogti ~ 4) If all nodes have the same sensitivity threshdig;,
protocol that is responsible for providing a multi-hop path then item (3) implies that the power budget must be
betweens and ¢, within total power budget constraints. We distributed in such a manner that the received signal
assume that node mobility is insignificant when compared to ~ power at each node in the connection is the same.
routing convergence times; the design of such energy-awar®) Suppose the connection has power budgeand the

routing protocol is beyond the scope of this paper. distance between nodgsand;j + 1 of the connection
Fundamental Questions Consider a single connection isd; (for j =1,...,N —1). If node j transmits with
between a source nodeand a destination node and assume power P - d?/ 1" d2, then all nodes will receive the
that a transmission power budgethas been specified for this transmission from their upstream neighbor at the same
connection. The questions to be answered are: power level, thus satisfying the conclusion of item (4).

Q1. How shouldP be distributed among intermediate nodes Additionally, the total power consumption attributable to
' S e - the connection will be preciselfy.
of the connection if the objective is to maximize the ) P W ]
expected value of the connection lifetime? In what follows, we will refer to the dynamic power

Q2. How does such a power distribution scheme perforfdistribution scheme deduced above asShescheme:

relative to a scheme which simply allocates power in

a uniform static manner among the constituent node’g‘? Sqr Scheme

How does it perform relative to a scheme which dynam- Under this power distribution scheme, the power is allatate
ically distributes power with the objective of minimizingbased on the square of the distance to the next hop along
end to end connection bit error rate? the path towards the destination node. Specifically, given a



connection between nodesand¢ with length N — 1 hops
and a total power budge?, each node will be allocated

distributed protocol. The protocol is said to “converge”emh

the total power exchanged drops below a specified threshold.
Since we are interested in comparing the quality of power
distribution decisions of various schemes, we assume that
the minBERalgorithm converges in timeframes significantly
shorter than those involved in node mobility and routing; we
denote the resulting power distribution at ngdas Pzrr(j).

N-1
Psqr(j) :Pdi/ Z sza
=1

whered; is the distance from nodgto nodej + 1 along the
path. We compare the performanceSdr with two existing

well-known power distribution schemes: VI. EXPERIMENTAL SETUP

B. Uniform Scheme Initial network design. In our simulations, we consider
Given anN-node connection between nodeandt having connections where the nodes were placed randomly according

total power budgeP, the Uniform power distribution scheme © the following inductive process: If nodg is located at
allocates power uniformly to each of th§ — 1 nodes (ex- (¥j,¥;), then nodej +1 is located at(x;1,y;11) = (z; +
cluding the destination Node},.if(j) = ot dz,y; + dy) whered,,d, are uniformly distributed in the
interval[0, D]. For most experiments (except when considering
C. MIinBER Scheme the effect of node density) we toak = 100 meters.

This power budget distribution protocol was originally Mobility model. Nodes are allowed to move according to
described by the authors in [4]. The protocol operates énCartesian random walk mobility model [16]. Each node has
all (overlapping) consecutive triplets of nodes within th&ve possible directions in which to move at each time step, of
connection(s, ). Within each triplet, we denote the nodevhich one is selected uniformly at random: it may go north,
as the upstream node, the central node, and the downstr&@th, east, or west with velocity, or to stay at the current

node—this naming convention is illustrated in Figure 1.

Upstream Central Downstream

node node node

I
O

Fig. 1. Multi-hop path description

A node enters the protocol by simultaneously sendi

position until next time step.
Performance measures Starting with an initial network,
we generate a movement sequence for the nodes. Then we sim-
ulate this movement sequence under each of the three power
distribution schemes and note the time at which the conmrecti
fails (i.e. one of the constituent links fails) for each oktth
schemes. We denote these timesias;s, Tsqr, Trrer and
compute the advantage or “gain” enjoyed by g scheme
over theUnif scheme as @nynif = Tsqr/Tunif, and the
gain over theminBERscheme as &Gngrr = Tsqr/TBER-
The preceding experiment is carried out repeatedly] (it
independent trials, where each trial begins with a differen
random initial network and movement sequence. The aggre-
ate performance metrics are computed as averageslover

an Update message to its upstream and downstream neigh-"
bors. The Update message describes its present transmissio Expected Gain over Uniform = ETsqr/Tunif)

strength. A node receiving an update uses its contents &nd th

actual received signal strength to deduce an estimate of the Expected Gain over mMinBER= E[Ts,./TsER].
distance to the sender of the Update. Thus each node (viewed

in its central role) maintains estimates of distance torepsh ~ System and environmental parametersWe explored the
and downstream nodes. When the central node receivesiBRact of the following situational parameters on the above

Update message informing it of the transmission power af#f0 performance metrics:

(implicitly) distance to a neighbor, it determines the oyl .
redistribution of power between itself and the upstreamenod
This local optimization is computed using the analytic mode «
of BER model presented in [4]. In effect the central node
acts greedily to minimize the BER of the two hop sub-path «
from its upstream neighbor to its downstream neighbor. df th
local optimization shows that a significant redistributioh
power is required, and this redistribution will not cause th
received signal strength to drop beldvy,;,, at any node, then

the central node is able to draw power downstream or pushe
power upstream. The power reallocation process is negdtiat
concurrently between all (overlapping) triplets of nodés &

Number of nodesV: We vary the number of nodes on
the path ranging from few (5) to many (25) nodes.
Power budgetP: We consider connection power budgets
ranging from small (2.0 Watts) to large (10.0 Watts).
Initial node densityd: We vary node density in the
initial network from sparse (0.15 nodes/m) to dense (0.4
nodes/m). This is achieved by takilg = 500 x § and
scaling the network geometry proportionally so that the
initial network is bounded by th&00 meter square.

Mean node velocity: We consider velocity of the nodes
ranging from slow (0.5 meters/sec; 1.1 miles/hr) to rapid
(4.0 meters/sec; 9 miles/hr).



« Signal attenuation exponent is taken as 2, appropriate " ! ' ' ' ' ' Bainove Unforn —+—
to our connection distance scales in free space.

e P,n, the minimum signal power at which a receiver is 3
able to decode a signal is taken EsmW. of 1

60 i J

VII. SIMULATION RESULTS AND ANALYSIS

We conducted experiments to quantify the influence of th
number of nodesV, connection power budgé?, initial node
densityd, and mean node velocity, on the expected gain of
Sqrover theUniform andminBERschemes. The error bars on g
each graph below show the width of (plus/minus) one standard ** [
deviation from the expected values of the gains.
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5 minBERand factor of 14 gain over tHgniform scheme in low
power budget setting®(QW). As power budgets increase, the
gain thatSqrenjoys over both schemes declines near-linearly.
Once the power budget exceeds a thresholdl.oW, any
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Fig. 2. The Influence of Number of Hops on Gain ol [. I

Varying the connection size In the first set of experiments,
we varied the connection size from 5 to 25 nodes, whil
keeping all other variables fixed: the power budgé) (vas
fixed at5.0W, the mean velocity of the nodes)(was fixed
at 1.0 m/sec, and the initial mean node density was on
node every50m. As can be seen in Figure &qr enjoys
a linearly growing gain over botkniform and minBER for
small connections sizes (i.e. whévi < 15), outperforming
them both by a factor oR2.7 when N = 5, a factor of
4.9 when N = 10 and a factor of8.5 when N = 15. As

Mrials)

Average @pin (over 10,00
w
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L

0 . . . . .

connection size grows beyond this threshold, the minBER °°*° 0.02 3-025 0.03 0.035 0.04
. .. . . . ode Density (nodes / meter)

scheme’s power allocation decisions deviate significaindign

the lifetime maximization scheme, and the rate at which Fig. 4. The Influence of Node Density on Gain

the latter's gains increase begins to grow super-linedithe

reason for this divergence is explainable as follows. SinceVarying the node density In the third set of experi-

we are holding the connection’s power budget constant whileents, we varied the node density from one node egérny

increasing N, when N becomes sufficiently large energy(é = 0.15 nodes/meter) to one node evetym (0 = 0.40

becomes scarce, and the power distribution which minimizeedes/meter), while keeping all other variables fixed: the

BER is markedly different from the power distribution whictpower budget P) was fixed at5.0W, the mean velocity of the

maximizes connection lifetime. nodes ¢) was fixed atl.0 m/sec. The number of nodéé was
Varying the power budget In the second set of experi-taken to be500/4, and the initial configuration was rescaled

ments, we varied the connection’s power budget fratW proportionately so that it was bounded by@0m by 500m

to 10.0W, while keeping all other variables fixed: the numbesquare. As can be seen in FigureShr enjoys a significant

of nodes (V) was fixed at 10, the mean velocity of the nodegain in connection lifetime (a factor of 4.1) over bafimiform

(v) was fixed atl.0 m/sec, and the initial mean node densitand minBER although as node density increases, the gain

was one node everyOm. As can be seen in Figure 3, thas gradually reduced, becoming only a factor of 3.5 when



the node density reachés= 0.4 nodes per meter. Altering
node density does not appear to sepa&aies advantage over
Uniform from Sqrs advantage oveminBER
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Fig. 5. The Influence of Node Velocity on Gain

Varying the node velocity. In the final set of experiments,
we varied the mean node velocity frobtb meters/sec td.5

expect to simultaneously optimize their power distribngo
with respect to both BER and expected lifetime, since the two
criteria are seen to be in opposition. High-priority cortrats,

on the other hand can “have their cake and eat it too”, since
with large power budgets, the relative advantagé&aqf over
minBER(with respect to lifetime) is diminished.
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