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Abstract

Large wireless sensor networks promise to revolutionieevthy we sense and control the physical
world. In large networks the nodes within the range of theebsistion forward data on behalf of
the entire network. Under reasonable assumptions, as tinieb significantly shortens the lifespan of
these nodes, the network may become disconnected (andg,hemesable) while considerable battery
resources remain unused at the peripheral nodes. To alaviis undesired effect, we investigate the
effect of multiple battery levels to maximize the usefuktime of the network. We demonstrate a
powerful, yet attractively simple scheme to redistribute total energy budget in multiple (but few)
battery levels. We show by theoretical analysis, as wellimslation, that this substantially improves

the network lifetime.
Index Terms

Wireless sensor networks, energy-aware systems.

. INTRODUCTION

Wireless sensor networks [1]-[3] will fundamentally chargur ability to sense the physical

world. Large numbers of inexpensive nodes will be deployedr dhe geographical area to

1This work was supported in part by the CACC and by NSF grant #038227

2A preliminary version of this paper was presented at Networking 20GEekgo, Canada.
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be monitored. The large number of nodes offer a high degraedifndancy and increase the
likelihood of some sensor being close enough to reliablygsenteresting phenomena anywhere
in the sensor field. The nodes send the sensor data to a bésa,dtgpically in a multi-hop
fashion, using other sensor nodes in the process. Therefach node transmits its own traffic,
as well as the traffic it forwards towards the base station el of other nodes.

Like any other electronic device, sensor nodes have to bealv A combination of several
sensor network peculiarities makes the power problem @dpechallenging. First, the large
number of cheap sensors precludes equipping each senboremytlarge and expensive batteries.
Second, in most situations, it is impossible to replace titéebes (especially in large, randomly
scattered networks). Finally, many sensor networks area®d to work for days, weeks, and,
sometimes, years.

Confirming the importance of the problem, many aspects of tbblgm have been extensively
studied [4]-[24]. Some approaches [4]-[6] aim to minimilze transmission power expenditure,
by reducing the power level of the transmitter, while stilhimtaining network connectivity.
Medium access control (MAC) layer techniques [7]-[15] aimctnserve battery power by
turning the receiver off whenever it is not needed (e.g., whenode starts overhearing a
conversation between two other nodes, it can power downraissteiver until the medium
becomes idle again). Several ad hoc power aware routing [18] algorithms choose routes
in such a way as to maximize the lifetime of the network. It lisac that the power problem
cannot be completely solved at any one single layer [23]].[24

In this paper we will approach a problem complementary to dhes considered in the
literature. The motivation for this work stems from the atvaéion that in a sensor network,
regardless of the routing strategy, the sensor nodes dodbe gateway have to forward more
packets than the ones at the periphery of the network. Waresshat this increase in workload
results in an increase in power consumption (a reasonableargion if the energy wasted in
idle receiving is minimized using one of the existing apptoes [7]-[14]), the nodes close to the
gateway will die first, leading to a premature loss of connégtin the sensor network. Note that
this effect occurs regardless of the routing strategy, MAgef, physical layer considerations,
etc.

To alleviate this undesirable effect, we propose to use ipt@lievels of batteries, placed

concentrically around the base station. We will show thaewgia total energy budget for
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the sensor network, the lifetime of the network can be siggifily improved over the case
where all sensors have a uniform battery level. The optirahit®n is formulated theoretically
and validated via simulations. The proposed scheme can & insaddition to other power

conservation schemes proposed in literature.

The problem of using multiple battery levels (or increasedendensity close to base stations)
was considered in [25]; however, the considered problenastha proposed solutions differ
significantly from this paper. The authors of [25] considereatangular field, and assume that
the base station can be mobile. They also consider only thieigm of distinguishing between
nodes within range of the base station and all other nodesrinst of battery levels. In this
paper, we consider a circular area and we do not considerage af a mobile base station. We
also allow a wider range of variation in battery levels.

For hand-placed sensors, the proposed multi-level basteagegy poses no significant prob-
lems. We consider the discussion of the practical aspecteth®r deployment options outside
the scope of this paper.

The same effect of increasing the battery available at theritiers of the sensor network
can be achieved by deploying a higher density of sensor meabase station (thus, resulting
in a non-uniform node density); however, this is likely a m@xpensive solution (because in
addition to the battery cost, there is also the cost of theaesg¢nsors nodes), and may have its
own deployment problems. Furthermore, depending on thécagipn, beyond a certain node
density there is no significant improvement in the monitgprabilities of the network.

However, if the higher density of nodes around the baseostasi combined with a scheme
that keeps awake only a minimum number of sensors (e.g. [2&[29]) (as many as necessary
to satisfy the monitoring requirements) the non-uniforrmsiy approach becomes equivalent
to the proposed multiple battery level approach proposedtigpaper.

Our contributions in this paper are as follows. In Sectioi live show that the concept of
network lifetime must be carefully considered in the cohtixlarge wireless sensor networks,
because many intuitively obvious definitions of lifetimes arot robust to special cases, and we
supply such a robust definition. In Section II-E we considaious practical design problems of
lifetime maximization: when battery budget is unconstedirbut battery levels are constrained
and vice versa, and also with constraint on the number ofndisbattery levels but not the

levels themselves. Our numerical results presented inddeldt validate our theoretical work,
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and the magnitudes of the lifetime differences also go tavstie importance of dealing with

this phenomenon.

[1. QUANTITATIVE MODEL AND ANALYSIS

In this section we present the model used throughout thisrp@p its core, the model is quite
general. Most of our assumptions are made to simplify theogxpn of the ideas, and can be

eliminated by straightforward extensions.

A. Assumptions

In attempting to develop an analytical model to we make sdvassumptions. These are
broadly of two types: basic ones that reflect likely scersanmthe sensor network context, and
idealizations to simplify the analysis.

For the purpose of what follows, we assume that the area edJmy the sensors is a circular
area with the monitoring station in the center. This is a eaable assumption and useful as
an idealization because it is attractively simple and symmmevhich eases analysis. Although
in this paper we present only the calculations for a circal@a, we have also performed the
calculations for other reasonable deployment area shajpbsas a square; and while the precise
formulae change, the qualitative conclusions remain idaht

The sensor network can work gontinuous monitoring mode, or beevent-driven [30], [31].

A sensor node in continuous monitoring mode will take a sanaplperiodic intervals and send
it (multi-hop) to the base station. An event-driven sensmienwill only react to an event (e.g.,
a query or a pre-established trigger). The scheme propostnilsi paper applies to a continuous
monitoring sensor network, where each of the sensor npehésdically (with a periodP) sends
approximately the same amount of traffic to the base station.

As pointed out in other papers [32], routing plays a minoerol the lifetime of a sensor
network. Thus, the routing is assumed to be fixed, by shonegs, and unvarying.

We also assume that the bandwidth of the network (charaetetby the bandwidth of the
medium close to the monitoring station) is sufficient to w&llthe entire generated traffic to be
delivered to the monitoring station. Again, this is a reada assumption, since sensor traffic
is not expected to be voluminous. The delay seen by sourcenkotraffic is assumed to be

irrelevant to our analysis.
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We assume that all of the power consumed by a sensor nodeglelorone of these three

classes:

. Power for generating a packet,includes the power necessary to sense the environment,
l.e., powering the sensor, processing the sensed datararsiitting the sensed data;

« Power for forwarding a packet, includes the power used to receive and transmit a packet
from another sensor node;

« Power unrelated to data flows,includes all other network operations, e.g., routing, time

synchronization, localization, idle listening, etc.

The above model is very general and applies to sensor netwamiploying a variety of
networking protocols (MAC, routing, transport, etc.). Feample, the MAC idle listening and
the routing overhead adds to the power unrelated to data.fltraasmitting a packet (including
the backoffs and retransmissions) contributes to the pdareforwarding packets. The more
efficient networking protocols have a reduced power uredlab data flows.

The power unrelated to data flows can easily dominate theabby@ower consumption in a
real implementation (especially due to idle listening)d a®veral methods to save this power
have been proposed [13], [23], [31], [33]. We assume thaptiveer consumed transmitting and
forwarding packets dominates the power consumed for ther ddsks. If this assumption does
not hold (i.e., the nodes consume approximately the samegyemegardless of the number of
flows forwarded), all nodes will deplete their batteries gpraximately the same time (in which
case there is no premature network disconnection and ndepnolo solve).

For simplicity, we assume a fixed and known transmissiorusaftir all nodes in the network.
We ignore transmission errors (and, hence, retransmissiaithough we can easily take those
into account by adjusting the energy necessary to genenadelket and the power to forward a
packet by the factogi—p wherep is the average packet error ratio.

We assume that the sensor nodes are distributed with rougifigrm density over the entire
sensing area. This is a common assumption resulting fromebkd to assure a uniform level of
monitoring quality through the sensor network, and the dgiaey assumption that all regions
of this overall area are of equal interest to the sensingiedn, or are equally desired to be

monitored.
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B. Notation

We first introduce some notation for quantities which areillalse from the specification of
the problem instance. Some notation defined above is rapéatease of reference.
N The initial number of nodes in the network.
Ry, The radius of the network (i.e., the distance between the btaion located at the center
and the periphery nodes - notice the assumption of a circidéwork).
Rrx The transmission radius of the sensor nodes (assumed todah. fix
B; The sum of the battery powers available at the nodes ofitier
P The period between the generation of two consecutive pscket
er The energy required to forward a packet.
ec The energy required to generate a packet.
e; The energy expended by each node in each pefiddat is independent of the data traffic.

L The lifetime of the network (explained in detail in SectidDi).

C. Modd

We definetier i as the set of the nodes that can reach the base stationops ( < <T).
We further define the following quantities which we will ugeaur analysis:

T The number of tiers in the network

R

= (1)
TX

T is typically larger thanfi—”}f{, but the approximation holds well for large, dense networks

T~

For sparse networks, a more accurate formulalfqe.g., as in [25]) can be used instead
of (1) without affecting the rest of the derivation.
Without loss of generality, we can assume tihias an integer number (the results holdrif
is real as well, but the explanations are easier to follovhwlie assumption of an integer
T).
B The total energy budget
B-Y"B, @)
=1
We consider the battery budgét as the main cost function. For simplicity we assumed
the cost of the battery directly proportional with its siZéne results in this paper can be

easily extended to a more general cost function for eacleryasize.
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N; The number of nodes at tiér With the assumption of a uniform density
MZQiQN @)
F; The total number of flows carried @il nodes at tier; Each flow corresponds to the data
generated by one sensor node (that has to be forwarded taafigedbation). All nodes at
tier 7 will carry the flows for all nodes at tiers+ 1...7.
N (T2 —?)

F=N-3N=—"07

J=1

(4)

L; The lifetime of the nodes at tier can be determined by considering the consumption
components that consume the total available battery at ieve
L;Fier LiN;eq L;N;er

B, = - + - - e (5)
forwarding generating independent
packets packets of packets
Thus,
L= L ©

N (T2 — Z2) er + (2@ - 1)N(GG + 6[) )

D. Network Lifetime

The lifetime of the sensor network is less than trivial to efiThe general essence of
network lifetime is clear but some reflection is required tdain a precise description that is
at the same time simple and yet accurately captures thin@sger a large variety of network
parameters. Clearly, the sensor network should be considégad once it cannot satisfy its
monitoring requirements. With each sensor node that carepmrt its measurements (due to
battery depletion, failure, or lack of a usable route), thenitoring capability of the sensor
network is decreased.

As the number of sensor nodes in the networks decreasesydlity@f the coverage decreases.
At some point the monitoring quality will be under a minimuapplication dependent) threshold,
and the network can be considered dead.

A reasonable definition of the lifetime of the network, tHere, would probably be: the time
when the fraction of network nodes that cannot communicate to the monitoring station

(either because they are dead or because all nodes whict foward data from them are
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dead) exceeds some predetermined fracti#m The value ofr would depend on the particular
circumstances. Fortunately, because of the doughnut efifecactual lifetime is quite insensitive
to z. When all nodes is the first tier are dead the base station taeceive data from any of
the sensor nodes in the network. Effectively, the netwdgkiine is the same whatever the value
of x, as long ast > N;/N.

In accordance with all the above considerations, in the metea of this paper, we define the

lifetime of the network as the minimum of the lifetimes of tisrs:
L= nin_ L;. (7)

E. Design Problems

Using the model formulated in Section II-C, we will formulaseveral problems that are
likely to be of practical importance to network designensd address them in the context of
this model. Before we present the problems, we will first deiee the lifetime of the network
with uniform battery provisioning.

In this case, each node will start with the same level of batteamely B/N; we denote this
unique level of battery by,. Then, the battery level at each tier is

B, - NiB

= N;b,. 8)

Hence, (6) becomes

BP
e : (9)

L;
51 CF T N(€G + 61)

TN

Since the term =2 is monotonously decreasing withfor 1 < i < T, L; the lifetime of tier
¢ is monotonously increasing with In other words, the lifetime of the network is equal to

the lifetime of the first tier:

L = I, (10)

BP
- N(T? —1)er + N(eg +e1) (11)

Ideal Allocation Ratios
From the above, we also deduce a set of quantities that willdaedul in later problems. It
is obvious that when the lifetime of the first tier and, theref the whole network has expired,

the nodes in other tiers have still not expended their batrels. The power consumption
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for nodes at different tiers can be easily obtained from asicimmation of (9) and (10). The
hypothetical lifetime of tier is L;; but, it is actually expending power for only the lifetindieof
the network. After that, communication stops, and theredisnore expenditure of power. Thus,
the ratio of battery poweb,, actually consumed by a node in tieto the uniform battery level
b, that it started with is:

b, L D epteq+e
=== FLTT O (12)
by L (IT?—1)ep+ec+er

We call the ratioq C;} theldeal Allocation Ratios, because ideally each node would be allocated

only the amount of battery it would actually consume during lifetime. The farther out a node,
the lower the fractior’; of its battery that it has consumed. The unconsumed enegwastage
of the total energy budget. In all of the following problerti®e broad design goal is to redistribute
this energy budget non-uniformly so as to increase theriketof the whole network.

In practice, for many applications, a designer would hawersg¢ known battery capacities to
choose from (e.g., AAA, AA, C and D). Then, the following plteim can be formulated.

Problem 1. Given k available battery levels; > b, > ... > b, > 0, assign the battery level
for each tier of nodes in a sensor network with parameterg,,, Rrx, P, er,eq ande; , such
that the total battery budget B is minimized subject to maximizing the lifetime L of the
network.

Two alternative flavors of the above problem can be artiedlaga) all nodes in any given tier
are constrained to be assigned the same battery level, amdiff@rent nodes of the same tier
can be assigned different battery levels. We refer to thesetternative versions of the problem
as Problem 1A and Problem 1B respectively. Thus, we are nedjid obtain one unique battery
level b; for tier 7 in Problem 1A; every node in this tier should be assigned lthitery level.
For Problem 1B, we can provide more than one battery level dohier, accompanied by the
proportions of the total number of nodes in that tier that should be assiggach battery level.
Typically, we would provide two battery levels to a tier toacige over from some battery level
b;, to the next lower oné,, in the middle of the tier. If we specified proportiorfg and f, for
the two levels (withf; + fo = 1), then theeffective battery level of tier i« would be given by
bi, f1 + b, fo. Intuitively, if the nodes with the two different batteryvids are mixed randomly
within a tier, the tier as a whole will behave as if each nodé hrad the effective battery level.

We have verified this intuition by numerical simulation. Belave address Problem 1A first.
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The maximum network lifetime is obtained when all nodes hiéaeemaximum battery level
b:. Thus, the first tier of nodes should have batteries of capéagilet us generalize the notation
L; into L;(b) denoting the lifetime of tiet (given by (6)) if each node in tier initially has a
battery capacity (i.e., the energy budget of tiéris given by B, = N;b). With this notation the
lifetime of the network is

L= Li(by). (13)

The same maximum lifetime as in (13) may be obtained with aetolbudget by assigning
lower battery levels to nodes in the higher tiers (in tiewgith 1 < ¢ < T'); however, if the next
smallest capacity size is too small, then the lifetime of nieéwork would be reduced because
nodes in higher tiers will deplete their batteriggfore the nodes in the first tier.

For example, ifL,(b;) > Lo(b2), the nodes in the second tier deplete their batteries faster
than the nodes in the first tier, and the lifetime of the nekwisrsmaller than the maximum
given by (13).

Given by, the ideal level of battery that each node of tieshould have is obviously’;b,,
where(C; are the Ideal Allocation Ratios given by (12), so that tievill have exactly the same
lifetime as tier 1. It remains to choose the smallest lev@inflamong the available battery levels
that is at least this much. In short, for each tienn order to maximize the lifetime of the
network and then conditionally minimize the total battendbget, we need to make sure that we
assign the battery sizg, to tier ¢ such that;, _; < C;by < bj,.

Now, if we consider Problem 1B, we have the added flexibilityniking the provided battery
levels. The solution is along the same lines. First, we piek highest battery levél, for tier
1 as before: this maximizes the network lifetime. Now we pethe ideal battery levels for
each tier; as before using (12); but now, instead of picking the nexhégy available level from
the available ones, we aim at attaining this ideal level txaas theeffective battery level as
defined above by mixing the two provided battery levels in &p@ropriate ratio. In case the
desired battery level is exactly equal to one of the providetery levels, no mixing is needed.
If the ideal level is less than the minimum provided battayel b, then that minimum level
must be used in that tier instead; in this case some battdryndeed remain unconsumed at
the end of the lifetime. |

Note that in the above problem and later ones, we study the wdere nodes with the

different desirable levels are deployed in precise annueys. This is of direct interest when

DRAFT



11

the deployment is controlled (such as in a large bridge cgrativil structure). When deployment

is less controlled, such as by scattering from an aircitai,likely that some intermixing of nodes

between different rings will occur. The extreme case of thisompletely random deployment.

We show later in this paper that in such a case lifetime wiltllsestically reduced. In all realistic

cases of deployment, most nodes will have positions in tipeagpiate annular regions, but some
randomness will be introduced; lifetime will be then somawreduced from that achieved in
the ideal case, but the ideal lifetime is a good indicatorattial lifetime in such cases.

In the above problem, minimizing the battery budget is a sdaoy goal of the optimal design.
It is also possible that the battery budget may be strictlpm@straint for the design. If the total
cost of the batteries used for a particular network is uppembed by a total battery budget
B and the battery capacities are fixed and given (as before);ameformulate the following
problem:

Problem 2. Given k available battery level$, > b, > ... > b, > 0, and a total energy
budget B, assign the battery level for each tier of nodes in a sensovank with parameters
N, Ry, Rrx, P,er,eq andey, such that theotal lifetime L of the network is maximized

As with Problem 1, we can conceive of two alternate probleRreblems 2A and 2B, in
which the nodes in any tier are constrained to have the satteryp&evel, or mixing is allowed,
respectively. We consider Problem 2A first.

Initially, assume thaf,(b;) is precomputed and available for each tiend each battery level
j. Set a “current levelp; for each tier:, initializing to p; = 1 for the first tier, andy; to the
maximum value such that;(b,,) > L;(p:). Initialize “current lifetime” L. to L, (p,).

Whenever the total battery’; N;b,, becomes less than or equal to the battery budgjethe
algorithm is terminated.

If the current total battery exceeds, repeatedly perform the following. Find the tiesuch
that the differencd.. — L;(b,,+1) is minimized. That is, we find the tiérsuch that assigning this
tier the next lower battery level from the one it is currerdlsigned will result in theninimum
reduction of the lifetime. Note that this minimum difference may well be zero at soragtions.
Ties are broken arbitrarily. Increment the current leveltfer ; by 1, and the update the current
lifetime to the new lifetime of tieri. Recalculate the total battery used.

We claim that this algorithm will stop with an optimal solni. The initialization obviously

does not rule out any optimal solutions since it merely tssin the algorithm starting with
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the maximum lifetime unconstrained by total battery bud@et, the solution to Problem 1).
In each following step, the battery level of some ties irreversibly decreased. To show that
this choice does not exclude the optimal, we note that if ¢ep is performed at all then the
current total battery budget is still larger than the caaistr Then at least one tier of nodes must
have a lower battery level in the optimal solution. By condfian of this step, any such lower
battery level at any tier would result in a final lifetime ngher than the lifetime.;(b,,;) that

is achieved at the end of this step. If the lifetime is no higlieen nothing can be gained by
leaving the battery level of tier at b,,. In other words, reducing the battery level at this tier
cannot prevent us from reaching the optimal.

Note that when the total battery first falls below the budgetan optimal solution has been
generated because an assignment is found that results imdkenum possible lifetime (as
proven above) while the total battery used is below the buddewever, it may be the case
that further battery level reductions can be made at somg wihout lowering the lifetimes
any further. This would happen if we broke a tie in choosing tiler whose battery level is to
be reduced. Practically, it might be preferable to obtais teduction in total battery actually
used in design. It is straightforward to continue the alfponi to reduce the battery levels as far
as possible at other tiers, but this time accepting only dex@eases in lifetimes. Equivalently,
(12) may be used to determine the battery levels for othes.tie

The complexity of this algorithm is low. Precomputing th&etimes, the initialization step,
and the main iteration are all of the order @f£7"). A dynamic programming formulation to
compute each lifetime as needed instead of precomputing #iewould eliminate part of the
computation but leaves the order unchanged; while suchgamidm may be preferable in actual
practice we do not go into the details here.

Problem 2B turns out to be a modification of Problem 1B, wheeettital battery budgeB
is now a hard constraint. Accordingly, we take the followiagproach to solve it: first solve
Problem 1B on the same parameters, ignoring the batterygbutighe total battery budgeB,
of this solution does not exceed, then this is the desired solution. If insteatl > B, then
obtain a new set of effective battery levels for each tier égling the battery levels by a factor
of B/B,: these are the new desired battery levels. A special casesawhen some of these
new desired battery levels are less than the minimum prdvidgtery level,. In this case the

battery levels for the inner tiers have to be reduced to atlwevouter tiers to have battery level
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bk, further reducing the lifetime. The procedure to do so igyfatraightforward and we do not
detail it here. [

If the available battery levels are not fixed, but no more thaimstinct levels can be used, then
the following problem arises. This problem is realistic é¢ge for some networks the designer
may have the option of manufacturing custom batteries; orde welection may be available so
that effectively any desired battery level may be picked. fge logistic reasons in deployment
or other design policy, the number of distinct levels to bedus design may be limited.

Problem 3. Given a total battery budgeB and a maximum ofk distinct battery levels,
determine the optimal battery levels, ..., by, by > by > ... > b, > 0, and their assignment
for each tier of nodes in a sensor network with parameder®,,, Rrx, P, er,eq ande;, such
thatthe total lifetime L of the network is maximized

Once again, two alternative problems 3A and 3B can be posed.

If k> T, i.e., there are at least as many battery sizes as tiers inetfneork, the problem can
easily be solved by setting= 7" and then obtaining the battery levglof each tieri in terms
of the battery leveb, to be assigned to the first tier by using the Ideal Allocatiotid®eof (12).

It remains to findb;, which can be obtained from the total battery budget usimgftiiowing
equation:
T T
B =Y bN;=b> CN;. (14)

=1 =1
Note that Problem 3B is indistinguishable from Problem 3Ahis special case; since we can
choose our own battery levels, mixing does not provide usfariper flexibility.

However, if k < T, especially by a large margin, then the problem becomes bireger
optimization, and accordingly a hard oneTifis large. We address this problem in a different
way. In the next section, we present a continuous asymgtmtie of the Ideal Allocation Ratios
for the discrete case corresponding to (12). We then showtbouwse this asymptotic case as
an approximation to obtain the optimal solution to Problenurler the idealizations of the
asymptotic case. Finally, we show how this solution can hdieg to the realistic case. =

1) Continuous Asymptotic Case: We consider the asymptotic situation when the density of
nodes per unit area remains the same, but the number of nedesiparea increases sufficiently
that the density can be considered to hold for any area, rewvgenall. Then, the traffic forwarded

by a node in each unit of time will vary continuously with itgdial distance from the monitoring
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station. Initially, we develop the theory only consideritig forwarding energy and setting
eq = er = 0. Later, we show how to take these parameters into account.

For ease of discussion, we define:

7 The traffic generated by the nodes in a unit area, in unit time.

[ The amount of energy required to transmit one unit of trafiiece.

n The (uniform) density of node placement over the sensing.are

Thus, 75 represents the energy required to forward, once, the trgéfieerated by the nodes
in a unit area in unit time, and is equal t@r/P, by our earlier definitions. Then, the energy

e(r) expended by the nodes in a unit area around radimsunit time is given by:
2nr Rrxe(r) = n(R3, — r*)7f3 (15)

and, hence, the battery powir) expended by each individual node in that area is given by:
b(r)=-e(r)/n= M

2rRrxn (16)
The approximation in using the continuous model arises ftbenassumption that the above
is valid for all values ofr. In reality, this is valid for the radiir = (2m + 1)Rrx/2, that
is the middle of tiers, where the nodes “around” radiuare correctly represented as being
homogeneous. Figure 1 depicts the relationship betweerdiferete battery levels and the

continuous approximation.

T T T
—— Continuous Approximation
Discrete Exact

Battery consumed at end of lifetime (fraction of bu)

0 T - — 4 T L L |
2 4 6 8 10 12 14 16 18 20
Distance from sink (tiers)

Fig. 1. Relationship of discrete battery consumption levels with continuopiogimation.
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Using the above, the energy expended in the whole network in unit time can be easily
obtained by integrating(r) over the entire area:

2
E= gﬂ-R?\/lTﬁ/RTX 17)

and multiplying £ by a lifetime of L seconds gives the minimum amount of total energy budget
that can achieve a total lifetime df, when distributed according to (16), such that every node
exhausts its battery at the same time. Naturally, this requiontinuously varying battery levels.

Now, if we are realistically constrained to using ortlydistinct battery levels, as required by
Problem 3, then the best lifetime will be obtained by apprating this continuously varying
battery distribution as far as possible. The nodes in anlanmuea will have the same battery
level, and, as before, annular areas closer to the centetdshave higher battery levels. Let
all nodes from radiugy(= 0) to p; have a battery level of;, from p; to p, have a battery
level of by, and so on, until all nodes from radiwg_; to pr.(= R);) have a battery level df.
Call these the “rings’ ... k. Figure 2 illustrates the rings concept. It depicts a cacensor
network with7 = 8 tiers andk = 3 battery levels (the first two tiers, the next three and the las
three have different battery levels.) In this example= 2Rrx, p» = bRrx and p3 = 8Rrx.
The problem is to determing, ... pg_1,b1 ... by.

However, we can reduce the number of unknowns using thewimlip observation. Consider
the i-th ring. The lifetime of this ring is determined by the lifee of the innermost tier in this
ring, because inside each ring the batteries are uniformtladisual doughnut effect applies.
For the longest lifetime of the network, each ring shouldehtive same lifetime; that is, the
tierst;, 1 = 1...k should have the same lifetime whetds the innermost tier of ring. Clearly,

t; = 1. The assumption made in the statement above is that eactstang exactly at a tier
boundary, so that “innermost tier” makes sense. This is ipke with the approximation in
the continuous model as noted above. Later in this sectienstvow how to reconcile this with

a realistic solution of the problem. Now, we know tltét) as given by (16) correctly reflects
the relationship between battery power and node positiom fgiven lifetimeat the radii in the
middle of tiers. We can use this to eliminate the unknownsbove by expressing them in terms
of p;. Note that there are only— 1 of the latter, and we shall obtain— 1 equations to solve for
them. Since we started with unknownsb;, we need one more equation to completely eliminate

them. This last equation is obtained by using the total batvedgetB which is given as part
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l
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> BB p- Distance
3_RM from Center

Fig. 2. An example of a sensor network with= 8 tiers, k = 3 battery levels, the rings having the boundariegat 2Rrx,

p2 = 5Rrx andp3 = 8Rrx.

of the problem instance. We carry out this development helow

Briefly, we consider the battery power midway through the imreest tier of each ring. For ease
of notation, we define the variablesi = 1. ..k, asr; = p;_1+Rrx /2, andry., = Ry+Rrx /2.
We already have, = Rrx/2. For equal lifetimes of the tiers, and, hence, the rings the
battery levelsh; must be in the same ratio a&ér;). Letting L stand for the equal lifetime thus

achieved, we can assert:

(3, =)L

<T) 2T1RTXn

(18)

The total battery in the network is given By*_, b;N;. With the help of the above equation

and a little manipulation, we obtain:

T (BL
B=—"'""g 19
SR (19)

DRAFT



17

where
k R?\/f B ,r’i2 2 2
S = Z T(T’“ — Ryxriyr — i + Rrxri). (20)
=1 1

Naturally, the lifetime L will be maximized for a given battery budgét if ry,r3,...r, are
chosen so that the susi is minimized. Clearly, we can obtaibh— 1 equations by taking the
partial derivative ofS with respect to each of,, 73, ...7,, and setting each of the resulting
expressions to zero. Simultaneously solving these equsatiiows us to determine the optimal
values for the{r;}.

It might appear that this gives us quite complicated equatidut, actually, the particular
structure ofS is conducive to this procedure. This is becausenly appears irni — 1-th andi-th
terms of the sunt. For £ = 2, there is only one equation which is straightforward to obta
Denoting thei-th term of S by S;, for larger values of:, the above observation allows us to
obtain:

08 0S;-1 0S5,

87”2' - 87’1' + aﬁ' (21)

2R%,r; [ri oy — R2,Ryx /ric1 — 217
= +Rpxrio1 — Ryr? . Jr? + Ry Rrxri [r} (22)
—R3, —r?., 4+ Ryxripa + 3r7 — 2Rrxr;.

A closed form solution for the above system appears diffituibbtain and also unlikely to
provide much insight. Fortunately, they are also unnecgdea practical purposes since they
can be solved symbolically in MATLAB for given values of tharpmetersR,, and Ry,
providing numerical solutions for the problem instance ridi by these parameter values. We
have repeatedly verified, by direct numerical minimizatwnys, that such a solution, while
taking only a fraction of the time direct numerical minimipa requires, gives us the desired
{r;} for the minimum value ofS correctly. We use this method to obtajm;} values in all
numerical results presented in Section Ill.

Substituting thesér;} in (19) gives us the maximum lifetime corresponding to a gitetal
battery budget. From the point of view of the practical netwvdesigner, it remains to find the
actual battery levelg§b;} to use, and the realistic regions over which to deploy thera.dah
find {b;} by noting that there is only one unknows, since all other,; can be expressed in
terms ofb; by using the proportions given by (16) and knowifig}. Finally, summingb;V;

over thek rings and equating t@ gives usb;, and, hence, al{b;}.
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We now show how to take the effect of nonzetp ande; into account. Naturally, since the
overall battery budget and the maximum obtainable life atated linearly in (19), depending
only on the ratio of the sensor field radius and the transonssinge, ther;} obtained by the
above method will still give us the optimal radii to changdtég levels; but, now they cannot
be directly used to findb;}, because each node also spefs+ ¢;) in each period. Thus,
the battery budget for forwarding only has to be reduced.thetoptimal lifetime under these

conditions bel,. Then, we have:

Ly w13 Lo
B = —N —— Shin 2
P (€g+61)+ QRTX Sm ( 3)
LO eFNLO
- N G g 24
P (€g+61)+ 2RTXPR%/[SHHH ( )

where S, is obtained by substituting thgr;} already obtained in the expression f6r The
first term in the above represents the constant energy eitpently each node, and the second
term represents the different forwarding load as before.cdfe solve the above fak,. Then,
the battery budget for forwarding only can be obtained3as= 7w73LoSwmin/2Rrx, from which
we can obtain the battery component at each node at varimgls{rﬁ{ } by the procedure already
detailed, finally obtaining; = b/ + (Lo/P)(ec + ¢;), the actual design parameters desired.

A final step remains to convert the values obtained to actesigd parameters. In general,
the {r;} obtained may not result in rings that start at tier boundarfes previously with the
solutions of Problems 3 and 4, we can randomly mix the two iredubattery levels to obtain
the effective desired battery level at such tiers where{th¢ obtained prescribe a changeover

of battery levels.

[11. SIMULATION RESULTS

To validate the results presented in the previous sectiont@amuantify the effect of various
parameters, we decided to simulate the wireless sensoporietw several scenarios. It quickly
became apparent that any of the existing network simuldtss2, OPNET, Glomosim, OM-
NET++, Qualnet, etc.) are inadequate for simulating netwof hundreds of nodes with lifetimes
on the order of several months (or even years). The commdsigmoof these simulators is their
relatively high level of detail at the physical and MAC lageirherefore, we wrote a dedicated
simulator, that abstracts many of the lower layer issuedptos on the energy consumption

problem.
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A. Base Case

We will first study the effects of using multiple battery lé&v@n the lifetime of the network
for a base case corresponding to one set of parameters. Imeitesection, we will vary each
of these parameters and comment on the effects on the nelifeinke.

For the base case, we considered nodes arranged in a rdatagigd pattern inside a circular
area centered around the gateway. We assume a transmiadias that is slightly larger than
three times the diagonal of the grid. Any two nodes at a digdess than the transmission
radius can communicate with no errors, any nodes at a distimger than the transmission
radius cannot communicate. For the base case, we considenetivork of N = 905 nodes,
which corresponds to a ten-hop route for the peripheral fiode

Since we are simulating a power aware network, we considegra simple power aware
routing protocol: one of the shortest paths is always used,aanong the nodes advertising the
same shortest paths, the one with the highest power is alwssd Any further ties in choosing
the next hop node is broken arbitrarily. The same routes sed until the batteries of a node
are completely exhausted. New routes are discovered, aedeafter the death of a node.

We used power consumption values similar to the ones aVwilis the Berkeley motes
[13], with the transmission curred{, = 17mA, reception currenfz, = 10mA and idle current
Lige = 10 A. We assumed that each transmitter has only one transmissveer level, and, thus,
the transmission power does not depend on the distance éetive source and the destination.
A sensing current ... = 5mA is drawn for10ms for each collected sample.

Each node is powered by two high quality AA batterie800mAhr). For the lifetime of the
network, each node generates one 50ms sample (packet) revauie.

Figure 3 depicts (with a continuous line) the percentageoales that depleted their batteries
and (with a dotted line) the percentage of nodes that can mgeloreach the gateway, either
because they have depleted their batteries, or are disciuhieom the gateway. In the beginning,
all the nodes that cannot longer reach the gateway deplet@dhatteries. After the batteries of
the nodes in the first tier are depleted, there is a suddenadserin the nodes that cannot reach
the gateway. This is the moment the network becomes disctetheand, effectively, the end of
the lifetime of the network.

In Section Il, we assumed that the forwarding load is shaeally by all of the nodes in

the same tier. A consequence of this assumption is that aleohodes in the same tier should

DRAFT



20

100

T T
—— Empty Nodes
—O- Empty or Disconnected Nodes

90

80

70

60

50

40+

30+

Percentages of empty/disconnected nodes [%]

20

10r

Fig. 3. Evolution in time of the percentages of nodes with emptydagts (marked with an '0’) and the percentage

of nodes that cannot reach the gateway (represented witR"aifi & uniform battery is used.

deplete their batteries at the same time. However, in ye#ihd in the simulations), in the
beginning (when all nodes have the same amount of battetlydnay of the nodes advertising
the same shortest distance to the gateway can be used fartbng. Therefore, some nodes, by
chance, will forward more traffic than others. Depending ow Imany flows the most “unlucky”
node (the one that forwards most flows in the network) has tedad, the time of the death of
the first node can vary significantly from one simulation ronthie other. Therefore, the time
of the death of the first node is not a significant measure oflitaBme of the network. In
contrast, the time of the death of the first tier of nodes (etpuéhe time the network becomes
disconnected) has a very low variance, and matches verythesliheoretical predictions.

1) The Effect of Multiple Battery Levels: If the same battery budget, as in the case of a uniform
battery, is considered, but the batteries are redistribatetwo levels, the corresponding network
death/disconnection percentages are depicted in Fig. &.nddes with the largest batteries are
distributed near the gateway. The battery levels and theébeuwf nodes at each battery level are
optimized using the continuous method presented in SeditiBril. For the base case and two
battery levels, the optimum is achieved when 13% of the n{itiesnodes closest to the gateway)
have 5718 mAh batteries, and 87% of the nodes have batteriesld42 mAh capacity (the

same total battery budget as for the single battery leved asised). Figure 4 already shows
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Fig. 4. Evolution in time of the percentages of nodes with emptydagts (marked with an '0’) and the percentage

of nodes that cannot reach the gateway (represented witk aifi two battery levels are used.

that the disconnection curve, while shifted toward longgtimes, has a similar characteristic
as the curve in Fig. 3. Indeed, in both cases, the lifetiméhefrtetwork is limited by the lack
of connectivity, rather than by the battery depletion of tiogles.

Considering the results in Figs. 3 and 4, we define the lifetrinthe network as the time it
takes for 50% of the nodes to lose connectivity to the gateway most cases, the time it takes
to lose 50% of the nodes is equal to the time it takes to losditsietier of nodes, which, in
turn, is equal to the network disconnection time.

The lifetime of the network for the two battery level caseg(H) is increased by comparison
with the one battery level case (depicted in 3). The lifetismdurther increased if more than
two battery levels are considered, as seen in Figure 5. Fr kattery level, the optimization
in Section 1I-E.1 was performed, and optimum number of naales battery levels were used
for the simulation. The same total energy budget was use@doh simulation. The nodes of
the same battery level were placed in concentric rings, thiéhnodes with the largest batteries
closer to the gateway. Figure 5 shows that the increase wmonletlifetime tapers off with the
increase in the number of battery levels. This indicates i@st of the increase in the lifetime
of the network can be achieved with a relatively small nundddvattery levels. To increase the

confidence in the simulation results, for each point in Figaid in all subsequent simulations),
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Fig. 5. The increase in network lifetime as a function of the inceeasthe battery levels. The network has the

same energy budget at each battery level.

we performed 30 simulations with the same configuration. iflean and standard deviation are
depicted. The standard deviation for Fig. 5 is so small thaainnot be observed on the graph.
The theoretical network lifetime was computed /asin (6).

To assess the effect of the idealizations in Section II-Eathe optimality of the battery level
choices, we performed a brute-force search for the optirakles for the case of two battery
levels. Figure 6 depicts the lifetime of the network as a fiomcof the battery level of the first
level of nodes and the number of nodes in the first level. Theimman lifetime is marked
with the symbol 'x’. The maximum, as predicted by theory irctsen II-E.1, is marked by the

symbol '0’. Once again, the continuous model matches theillsimon results very well.

B. Departures from the Base Case

In this section, we consider the effect that various paramsehave on the lifetime of the
network. To separate the effects of each parameters in tlwaviog experiments, we keep all
parameters other than the one being studied at a constaht lev

1) Dependency on Number of Nodes: The number of nodes for the base cage= 905 was
chosen such that the network is large enough to satisfy thegsions in Section II-E.1 and yet

run in a reasonable time (the entire batch of simulationedakfew days to complete). Figure
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Fig. 6. Experimental determination of the best placement and dyaliéeel of two levels of batteries.
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Fig. 7. Dependency of the network lifetime on the initial number oflas for three battery levels (constant density).
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7 shows the dependency of the network lifetime on the initihber of nodes. The density of
the network was kept constant, (the area of the network wagoptionally increased with the
number of nodes).

The lifetime of the network decreases with the increase énittitial number of nodes (hence
the maximum number of hops). This is expected; as we alreadwla larger number of tiers
results in more battery wastage. The small discrepanciegeba theory and simulation results
are the effect of quantization (e.g., in theory 85.3 nodemukhbe in the first tier, but since

simulated network topology is symmetric, only multiplesfofir nodes can be in the first tier).

x 107

—©— Simulated - one battery level
4r O Theoretical - one battery level 7
—%— Simulated - two battery levels
x- Theoretical - two battery levels
—— Simulated - three battery levels
3k *-_Theoretical — three battery levels | .. |

Lifetime of the network [s]

N e s < s SR |

1 Il Il Il Il Il Il Il Il
800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Initial Number of Nodes

Fig. 8. Dependency of the network lifetime on the network densitytfwee battery levels (constant network area).

2) Dependency on Node Density: In this section, we study the effect of increasing the dgnsit
of the network (while keeping the network size constant) loa lifetime of the network. We
expect the density to have no influence on the network lifetam long as it remains uniform.
The reason behind this prediction is that at long as the tyeissuniform, the number of nodes
in each tier will increase in the same proportion, and, hettoee number of flows carried by
each node does not change.

The simulation results depicted in Fig. 8 confirm our intuiti with a very good precision, the
lifetime of the network remains constant even if the deneityhe network doubles or triples.

3) :
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Fig. 9. Dependency of the network lifetime on the reception powegrressed in percentages of the transmission

power for three battery levels.

4) Dependency on Grid Regularity: In the base case we assumed a regular placement of the
nodes in a rectangular grid. The choice is meant to reducel¢geee of randomness in the
network, to be able to isolate the effects of other paramsefw evaluate the effect of small
perturbations on the lifetime of the network, we gradualgrtprbed the grid, by an additive
perturbation on each axis. The perturbation has a unifostrilition around zero.

The average results, shown in Fig. 10 do not vary signifiganith the increase in the grid
perturbation. Even in the extreme case, where the limitshef gerturbation are larger than
the grid size, the lifetime of the network is similar to theeonbtained for a regular grid.
The standard deviation of the lifetime increases notablihilie perturbation from the ideal
grid. These simulation results considerably enhance thergéty of the results we deduced for
uniform grids and points toward their applicability in a saeo where the nodes are randomly
placed, rather than in a grid.

5) Random vs Concentric Placement: Finally, we study the effect of placing the nodes with
large batteries at random positions, rather than in conicenihgs around the gateway (with
larger nodes closer to the gateway). To this end, after ctingpthe optimal number of nodes
and the optimal battery levels using the optimization pdote described in Section II-E.1, we

placed the nodes with larger batteries in random positiortee regular grid, rather than closer

DRAFT



26

s et SARLI

—&- Simulated - one battery level
— Simulated - two battery levels
—— Simulated - three battery levels

Lifetime of the network [s]
IS

Y

R A %%%%

1 L I
10 10" 10° 10
Percentage of random perturbation from a regular grid [%]

Fig. 10. The effect of perturbations in the regularity of the grid.eTperturbation on each axis is expressed as a

percentage of the grid size.

to the gateway. The results, depicted in Fig. 11 confirm thgeetations: the lifetime of the

network is significantly less if the nodes are placed rangpnather than in concentric rings.

IV. CONCLUSION

In this paper, we have addressed a problem expected to acdarge, multihop wireless
sensor networks. Under the assumption that larger tra#itstnission load causes faster battery
depletion, the nodes closer to a gateway will die before thaeen at the periphery of the network.
The main disadvantage of the expiration of the nodes clogbae@ateway is that the network
becomes disconnected while most of the nodes still have sidenable amount of battery left.

To alleviate this undesirable effect, we have proposed ® msiltiple levels of batteries,
placing the nodes with larger batteries closer to the gateWader a total battery budget, we
have shown a method to compute the optimal battery levelsiamber of nodes for each battery
level. With this strategy, we have shown that the lifetimetlué network can be significantly

improved, even if a small number of battery levels is used.
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