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Abstract

Current algorithmsfor minimum-energy routinginwireless networkstypically select minimum-cost multi-hoppaths.
In scenarios where the transmission power isfixed, each link has the same cost and the minimum-hop path is selected.
In situationswhere the transmission power can be varied with the distance of thelink, the link cost is higher for longer
hops;, the energy-aware routing algorithms select a path with alarge number of small-distance hops. In this paper, we
argue that such aformulation based solely on the energy spent in a single transmission is not able to find minimum en-
ergy paths for end-to-end reliable packet transmissions. The proper metric should include the total energy (including
that expended for any retransmissions necessary) spent in reliably delivering the packet to itsfinal destination.

We first study how link error rates affect this retransmission-aware metric, and how it leads to an efficient choice
between a path with alarge number of short-distance hops and another with a smaller number of large-distance hops.
Such studies motivate the definition of alink cost that is afunction of both the energy required for asingle transmission
attempt across the link and the link error rate. This cost function captures the cumulative energy expended in reliable
data transfer, for both reliable and unreliable link layers. Through detailed simulations, we show that our schemes can
lead to upto 30-70% energy savings over best known current schemes, under realistic environments.

Use of minimum energy paths for packet transmission may not always maximize the operational lifetime of multi-
hop wireless networks. In the latter part of this paper, we define a new power-aware routing algorithm, called MRPC,
that can be used to increase the operational lifetime of the network. MRPC integrates a node-specific metric, (residual
battery power) and our proposed link-specific metric to select a path with the largest packet capacity at the ‘critical’
node. Finally, we also present, CMPRC, a conditional variant of MRPC that switches from minimum energy routing to
MRPC only when the packet forwarding capacity of hodes fallsbelow athreshold and through simulations we quantify
the benefits of these schemes.
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I. INTRODUCTION

Multi-hop wireless networks typically possess two important characteristics:
1) The battery power avail able on the lightwei ght mobile nodes (such as sensor nodes or smart-phones) isrelatively
limited.
2) Communication costs in terms of transmission energy required are often much higher than computing costs on
individual devices.
Energy-aware routing protocols (e.g., [19], [18], [2]) for such networks typically select routes that minimize the total
transmission power aggregated over al nodesin the selected path.
If all nodes use the same constant transmission power, irrespective of the link distance, and if the links are error-
free, then conventional minimum-hop routing (e.g. RIP [11] and OSPF [14]) will be most energy efficient. However,
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minimum-hop solutions are not applicable in variable-power scenarios, where the nodes can dynamically vary their
transmitter power levels. In such cases, greater energy-efficiency can be obtained if the nodes choose the transmission
power depending the distance between the transmitter and receiver nodes.

For wirelesslinks, asignal transmitted with power P; over alink with distance D gets attenuated and isreceived with
power

P
P, x D—}( K >2, 1)

where K isaconstant that dependson the propagation medium and antennacharacteristics®. Therefore, thetransmission
power for these links are chosen proportional to D, To calculate energy efficient paths, each link is assigned cost
proportional to the energy required for asingletransmission across the link. Minimum energy pathsin thiscase will be
paths with minimum aggregate path cost. Therefore, in these environments a path with a large number of small hops
are typically chosen over an alternate path with asmall number of large hops. Thisisthe strategy used by a number of
energy-efficient routing techniques, e.g., PAMAS[19],PARO [8].

In this paper, we discuss why such a formulation of the link cost fails to capture the actual energy spent in reliable
packet delivery — amore accurate formul ation needs to incorporate the link error rates to account for the potential cost
of retransmissionsneeded for reliable packet delivery. Wirelesslinkstypically employ link-layer frame recovery mech-
anisms (e.g. link-layer retransmissions, or forward error correcting codes) to recover from packet losses. Additionaly,
protocols such as TCP or SCTP employ additional source-initiated retransmission mechanisms to ensure end-to-end
reliability. Therefore, the energy cost associated with each candidate path should not merely reflect the energy spent
in asingle transmission attempt of a packet acrossthe path, but rather the “total energy” spent in packet delivery. This
energy cost should include the energy spent in potential retransmissionsas well 2.

A. Minimum Energy Paths

We first consider how the error rate of individual links affects the energy required to ensure reliable packet delivery.
As part of thisanalysis, we consider two different operating models:

1) End-to-End Retransmissions(EER): where the individual links do not provide link-layer retransmissions and

error recovery—reliable packet transfer is achieved only viaretransmissions initiated by the source node.

2) Hop-by-Hop Retransmissions (HHR): where each individual link providesreliable forwarding to the next hop

using localized packet retransmissions.

In both cases, the choice of linkswith relatively high error rates leads to packet re-transmissionsto guarantee reli-
able delivery. Thiswill significantly increase the effective energy spent in reliable packet transmission. Thisis true
in both the constant-power and variable-power scenarios — in either scenario, ignoring the error rate of the link can
lead to the selection of pathswith high error rates and consequently, high retransmission overhead. The analysisof the
effects of link error rates on the effective energy consumptionis more interesting for the variable-power case: we show
that the choice between a path with many short-range hops and another with fewer long-range hops involves a trade-
off between the reduction in the transmission energy for a single packet and the potential increase in the frequency of
retransmissions. Our analysis of the variable-power scenarios shows that schemes which consider the link-error rates
would perform significantly better than currently proposed minimum-energy routing protocols, which do not.

Based on the above analytic observations, we define a new link cost metric that captures the effects of both the link
distance and the link error rate. Minimum cost route computations based on this metric leads to energy efficient paths
for reliable communication for both EER and HHR scenarios. We show that such alink cost can be exactly defined to
obtain optimal solutionsonly for the HHR scenario; for the EER framework, we can only devise an approximate cost
function. By using simulation studies, we al so demonstrate how the choice of parametersin the approximate EER cost
formulation represents atradeoff between energy efficiency and the achieved throughput. Since most decentralized ad-
hoc routing protocols(e.g., AODV [16], DSR[9], TORA [15]) attempt, at | east approximately, to select aminimum-cost
path (where the path cost is a sum of theindividua link costs), our formulation can be easily applied to these protocols.

! K istypically around 2 for short distancesand omni-directional antennag, and around 4 for longer distances.
2Thisisespecially relevant in multi-hop wirel ess networks, where variable channel conditionsoften cause packet error ratesashighas 15—25%.



Whilethe link quality has been previously suggested as a routing metric to reduce queuing delays and loss rates, its
implicit effect onthe energy efficiency hasnot been studied before. By incorporatingthelink error ratesin thelink cost,
we show that 30% to 70% energy savings can often be achieved under realistic operating conditions.

B. Maximizing Network Lifetime

While minimum energy paths provide the most efficient way to transfer individual packets between the source and
destination, in many ad-hoc wireless scenarios, the metric of actual interest is not this energy requirements to transfer
individual packets but the total operational lifetime of the network. To avoid the extinction of nodes due to exhaustion
of their battery power, some power-aware routing algorithms[20], [22] try to balance the depletion of battery-power
at the different nodes. It is easy to see that the two routing objectives — minimizing energy requirements to transfer
individual packets and maximizing the lifetime of a network, can be mutually contradictory. Strategies to maximize
network lifetime typically takeinto account the variabl e traffic volume passing through different nodes and avoid rapid
battery depletion at afew ‘unlucky’ node.

Inthelatter part of thispaper we leverage our minimum energy path selection techniqueto define anew power-aware
route selection protocol called Maximum Residual Packet Capacity (MRPC) that can be used to increase the operational
lifetime of the network. In this protocol the choice of the routes are based both on node-specific parameters (e.g. the
residual battery power at a node) and link specific metrics (as defined to compute minimum energy paths). MRPC is
conceptually similar totheMMBCR algorithm[22] inthat, at any pointintime, it triesto select the route that maximizes
the residual capacity currently available at the most critical node (the one with the least residua packet forwarding
capacity). MRPC accommodates scenarios where the nodes can adjust their transmission power dynamically (based
on the distance between the nodes), and also incorporates the effect of link layer error rates and consequent packet re-
transmissions.

In MRPC, the cost of choosing aparticular link at any instant is defined as the idealized maximumnumber of packets
that can be transmitted by the transmitting node over the specific link, assuming the complete absence of any other
crosstraffic at that node. We use simulation studiesto show how MRPC leadsto superior performance (longer network
lifetimes or larger number of successfully transmitted packets) than alternative suggested algorithms.

Since minimum-energy routes are more energy efficient, a conditional variant of the MMBCR algorithm was also
proposedin [22]. Inthisscheme (called Conditional MMBCR, or CMMBCR) minimum energy routeswere chosen till
the residual battery power of constituent nodes of the routesfell below a specified threshold level. Once thisthreshold
level is crossed, routes are chosen using the MMBCR algorithm, which equitably distributes the battery consumption
among the different nodes thus protecting against the early exhaustion of afew nodes. We a so present the conditional
anal ogue of MRPC, the Conditional MRPC (CMRPC) algorithm and then evaluateits performance, vis-a-visthe CMM-
BCR agorithm. CMRPC performs minimum energy routing (using our link cost formulationfor reliable transmissions)
aslong asthe remaining battery power at the constituent nodes lie above a specified threshold. Beyond this point, CM-
RPC switches to the MRPC-based max-min path selection algorithm.

C. Roadmap

The rest of the paper is organized as follows. Section Il provides an overview of previous related work. Section
I11 formulates the effective transmission energy problem as a function of the number of hops, and the error rates of
each hop, for both the EER and HHR case and analyses its effect on the optimum number of hops in the variable-
power scenario. It also demonstrates the agreement between our idealized energy computation and real TCP behavior.
Section 1V shows how to form link costs that lead to the selection of minimum energy paths. In Section V we present
theresultsof simulation studiesto study the performance of our minimum-cost algorithmsfor both the fixed-power and
the variable-power scenarios. In Section VI we describe our MRPC algorithm for maximizing the operational lifetime
of anetwork, and subsequently present simulation resultsfor thisalgorithm (and its conditional variant) in Section VII.
Finally, we conclude in Section VIII.



Il. RELATED WORK

Metrics used by conventional routing protocolsfor the wired Internet typically do not need to consider any energy-
related parameters. Thus, RIP [11] uses hop count as the sole route quality metric, thereby selecting minimum-hop
paths between the source and destinations. OSPF [14], on the other hand, can support additional link metrics such as
available bandwidth, link propagation delay etc. Thereis, however, no well-defined support for using link-error rates
as ametric in computing the shortest cost path. Clearly, in fixed-power scenarios, the minimum-hop path would aso
correspond to the path that uses the minimum total energy for a single transmission of a packet.

In contrast, energy-aware routing protocols for variable-power scenarios aim to directly minimize the total power
consumed over the entire transmission path. PAMAS [19] is one such minimum total transmission energy protocol,
where the link cost is set to the transmission power and Dijkstra’s shortest path algorithm is used to compute the path
that uses the smallest cumulative energy. In the case where nodes can dynamically adjust their power based on the link
distance, such aformulation often leads to the formation of apath with alarge number of hops. A link cost that includes
the receiver power aswell ispresentedin [18]. By using amodified form of the Bellman-Ford algorithm, this approach
resulted in the selection of paths with smaller number of hopsthan PAMAS.

Routing protocolsfor wireless ad-hoc environments (e.g. AODV [16], DSR [9]) contain special features to reduce
the signaling overheads and convergence problems caused by node mobility and link failures. Whilethese protocolsdo
not necessarily compute the absolute minimum-cost path, they do aim to select pathsthat have lower cost (in terms of
metrics such as hop count or delay). Such protocols, can in principle be adapted to yield energy-efficient paths simply
by setting the link metric to be a function of the transmission energy. In contrast, other ad-hoc routing protocols have
been designed specifically to minimize transmission energy cost. For example, the Power-Aware Route Optimization
(PARO) algorithm [8], [7] isdesigned for scenarios where the nodes can dynamically adjust their transmission power
— PARO attemptsto generate a path with a larger number of short-distance hops. According to the PARO protocol, a
candidate intermediary node monitors an ongoing direct communication between two nodes and eval uatesthe potential
for power savings by inserting itself in the forwarding path— in effect, replacing the direct hop between the two nodes
by two smaller hopsthrough itself.

Minimum-energy path computation algorithms can sometimes unfairly penalize a subset of the nodes, e.q., if severa
minimum energy routes have a common node in the path, the battery of that node will be exhausted quickly. There-
fore researchers in energy-aware routing have also considered an alternate objective function — maximizing the life-
time of the network. In some of the proposed mechanisms, the lifetime of a network can be extended by equitably
distribute the energy expenditure among the different nodes of the network. The resulting end-to-end paths consist of
nodeswhich currently possessgreater battery resources. Among such battery-aware algorithms, [20] formulated anode
metric, where the capacity of each node was a decreasing function of the residua battery capacity. A minimum cost
path selection algorithm then helps to steer routes away from paths where many of the intermediate nodes are facing
battery exhaustion.

The MMBCR agorithm [22] usesamin-max route sel ection technique. The algorithm choosesthat routethat hasthe
largest valuefor itsmost critical (“ bottleneck™) node—i.e., thenodewiththeleast residual battery capacity. TheMMBCR
algorithm never tries to minimize the total transmission energy along a path. It is always concerned with spreading
the transmission cost evenly among available nodes. Therefore, it can lead to overall higher energy consumption and
consequently, areduction of the average node lifetime. To counteract this, a conditional variant, called CMMBCR [22],
uses alow energy path for packet transmission, aslong as the battery power level on all the nodesin the selected path
lie above acertain threshold v. However, thislow energy path computation does not take into account energy costs due
to packet retransmissions. Once one or more of nodeson all possible pathsfalls bel ow the battery protection threshold,
the algorithm switchesto the MMBCR mode.

Theeffect of link quality on packet transmissionsacrossindividual linkshave been studiedintheliterature. Thefocus
of some of this study has been on the use of intelligent link scheduling algorithms, rather than on transmission power
control [23], [17], [4]. In another approach, Gass et. al. [6] have proposed a transmission power adaptation scheme to
control the link quality of individual frequency-hopping wireless links.



All these protocols and algorithms, do not, however, consider the effect of the link error rates on the overall number
of retransmissions, and thus the energy needed for end-to-end reliability in packet delivery. Our problem formulation
and route computation explicitly accounts for potential retransmissions of packets along the entire path in calculating
the energy costs. To the best of our knowledge, our work defines the first known technique that addresses the energy
efficient routing in multi-hop wireless networks from a reliable packet delivery standpoint. In thiswork, we assume
that each nodein the ad-hoc network is aware of the packet error link on its outgoing links. Sensing the channel noise
conditionscan be done either at thelink layer, acapability that isbuilt into most commercia wireless802.11 interfaces
available today, or through higher layer mechanisms such as periodic packet probes or aggregated packet reception
reports from the receiver 3.

I11. ENERGY COST ANALYSIS AND MINIMUM ENERGY PATHS

In this section, we demonstrate how the error rate associated with alink affects a) the overall probability of reliable
delivery, and consequently, b) the energy associated with the reliable transmission of a single packet. For any partic-
ular link (2, j) between a transmitting node ¢ and a receiving node j, let 7; ; denote the transmission power and p; ;
represent the packet error probability. Assuming that all packets are of a constant size, the energy involved in a packet
transmission, ; ;, issimply afixed multiple of 7; ;.

Any signal transmitted over a wireless medium experiences two different effects: attenuation due to the medium,
and interference with ambient noise at the receiver. Due to the characteristics of the wireless medium, the transmitted
signal suffers an attenuation proportional to D, where D isthe distance between the receiver and the transmitter. The
ambient noise at the receiver isindependent of the distance between the source and distance, and depends purely on
the operating conditionsat the receiver. The bit error rate associated with a particular link is essentially a function of
the ratio of thisreceived signal power to the ambient noise. In the constant-power scenario, T'; ; isindependent of the
characteristics of thelink (7, j) and isa constant. In this case, areceiver located farther away from a transmitter will
suffer greater signal attenuation (proportional to D) and will, accordingly, be subject to alarger bit-error rate. In the
variable-power scenario, a transmitter node adjusts 7; ; to ensure that the strength of the (attenuated) signal received
by the receiver isindependent of D and is above a certain threshold level Th. Accordingly, the optimal transmission
power associated with alink of distance D in the variable-power scenario is given by:

Topt = Th x v x DX, ()

wherey isaproportionality constantand K isthe coefficient of attenuation (/K > 2). SinceT'h istypically atechnol ogy-
specific constant, we can see that the optimal transmission energy over such alink varies as:

Eopt(D) x DX, ©)

If links are considered error-free, then minimum hop paths are the most energy-efficient for the fixed-power case.
Similarly, in the absence of transmission errors, paths with a large number of small hops are typically more energy
efficient in the variable power case. However in the presence of link errors none of the above choices may give optimal
energy efficient pathsin the two cases. We now analyze the interesting consequences of thisbehavior for the variable-
power scenario (for boththe EER and HHR cases); The analysisfor the fixed-power scenarioissimpler, and isaspecial
case of the variable-power scenario.

A. Optimal Minimum Energy Pathsin EER Case

In the EER case, atransmission error on any link leads to an end-to-end retransmission over the path. Given the
variable-power formulation of ,,; in Equation 3, it is easy to see why placing an intermediate node along the straight
line between two adjacent nodes (breaking up alink of distance D into two shorter links of distance D and D, such

? Similar ideas were proposed for link sensingin the Internet MANET Encapsulation Protocol [3].



that Dy + D, = D) alwaysreducesthe total ;. In fact, PARO [7] works using precisely such an estimation. From
areliable transmission energy perspective, such a comparison isinadequate since it does not include the effect on the
overall probability of error-free reception.

To understand the energy-tradeoff involved in choosing a path with multiple short hops over one with asingle long
hop, consider communication between a sender (S) and areceiver (R) separated by adistance D. Let N represent the
total number of hops between S and R, sothat N — 1 represents the number of forwarding nodes between the end-
points. For notational ease, let these nodesbeindexedasi : i = {2,..., N}, with node: referring to the (i — 1)
intermediate hop in the forwarding path; also, node 1 refersto S and node N + 1 refersto R. In this case, the total
optimal energy spent in simply transmitting a packet once (without considering whether or not the packet was reliably
received) from the sender to the receiver over the N — 1 forwarding nodesis:

N
Etotal = Z E;Zjlv (4)
=1
or, on using Equation 3,
N
Etotal = ZQDZ'I?H-U (5)
i=1

where D; ; refers to the distance between nodes: and j and « is a proportionality constant. To understand the trans-
mission energy characteristicsassociated with the choice of NV — 1 intermediate nodes, we compute the lowest possible
valueof F;.,; forany givenlayout of N —1. Usingvery simplesymmetry arguments, it iseasy to see that the minimum
transmission energy case occurs when each of the hopsare of equal length D /N . Inthat case, Fy.:q; iSgiven by:

N K K
DX aD
Eiotal = )05 = it (6)
=1

For computing the energy spent in reliable delivery, we now consider how the choice of IV affects the the probability
of transmission errors and the consequent need for retransmissions. Clearly, increasing the number of intermediate hops
the likelihood of transmission errors over the entire path.

Assuming that each of the N links has an independent packet error rate of p;;,.x, the probability of a transmission
error over the entire path, denoted by p, isgiven by

p=1—(1-pine)" (7

Thenumber of transmissions(including retransmissions) hecessary to ensurethe successful transfer of apacket between
S and D isthen ageometrically distributed random variable X, such that

Prob{X =k} =p" 1 x(1-p), Vk

The mean number of individual packet transmissionsfor the successful transfer of asingle packet isthus1/(1 — p).
Since each such transmission uses total energy F..:; given by Equation 6, the total expected energy required in the
reliable transmission of asingle packet is given by:

DE 1
FEER
Fotdre = “yr=T 1o >

a DK

T ONE( = i)V ®

The equation clearly demonstratesthe effect of increasing IV on the total energy necessary; whiletheterm N %1 in
the denominator increaseswith NV, the error-related term (1 — plmk)N decreaseswith N. By treating N as a continuous
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variable and differentiating, it follows that the optimal value of the number of hops, NV, isgiven by:

(K -1)
—log(1 — prink)

Thus alarger value of py;,. correspondsto a smaller value for the optimal number of intermediate forwarding nodes.
Also, the optimal value for NV increases linearly with the attenuation coefficient /. There is thus clearly an optimal
value of N ; while lower values of N do not exploit the potential reduction in the transmission energy, higher values of
N cause the overhead of retransmissionsto dominate the total energy budget.

To study these tradeoffs graphically, we plot E%[Eaff rg gainstvarying N (for different values of p;.r) in Figure 1.
For thisgraph, o and D (which arereadlly arbitrary scaling constants) intheanalysisare kept at 1 and 10 respectively and
K = 2. The graph showsthat for low values of thelink error rates, the probability of transmission errorsisrelatively
insignificant; accordingly, the presence of multiple short-range hops nodes leads to a significant reduction in the total
energy consumption. However, whenthe error rates are higher than around 10%, the optimal value of N isfairly small;
in such scenarios, any potential power savings due to the introduction of an intermediate node are negated by a sharp
increase in the number of transmissions necessary dueto alarger effective path error rate. In contrast to earlier work,
our analysis showsthat a path with multiple shorter hopsisthus not always beneficial than onewith a smaller number
of long-distance hops.

1) Energy Costsfor TCP Flows. Our formulation (Equation 8) providesthe total energy consumed per packet us-
ing an ideal retransmission mechanism. TCP's flow control and error recovery algorithms could potentially lead to
different valuesfor the energy consumption, since TCP behavior during loss-related transients can lead to unnecessary
retransmissions. While the effective TCP throughput (or goodput) as a function of the end-to-end loss probability has
been derived in severa analyses (see [10], [5]), there exists no model to predict the total number of packet transmis-
sions (including retransmissions) for a TCP flow subject to a variable packet loss rate. We thus use simulation studies
using the ns-2 simulator 4, to measure the energy requirements for reliable TCP transmissions. Figure 2 plotsthe en-
ergy consumed by a persistent TCP flow, as well as the ideal values computed using Equation 8, for varying N and
for piinr = {0.01,0.05}. We observe good agreement between our analytical predictions and TCP-driven simulation
results. Thisverifiesthe practical utility of our analytical model.

Nopt =

B. Optimal Minimum Energy Pathsin HHR Case

In the case of the HHR model, a transmission error on a specific link implies the need for retransmissions on that
link alone. Thisisa better model for multi-hop wirel ess networking environments, since wirelesslink layerstypicaly

* Availableat hitp://www.isi.edu/nsnam/ns
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employ link-layer retransmissions. In this case, the link layer retransmissions on a specific link ensure that the trans-
mission energy spent on the other links in the path is independent of the error rate of that link. For our analysis, we
do not bound the maximum number of permitted retransmissions: atransmitter continues to retransmit a packet until
the receiving node acknowledges error-free reception. (Clearly, practical systemswould typically employ a maximum
number of retransmission attempts to bound the forwarding latency.) Since our primary focus is on energy-efficient
routing, we also do not explicitly consider the effect of such retransmissions on the overall forwarding latency of the
path in this paper.

Since the number of transmissionson each link isnow independent of the other linksand is geometrically distributed,
the total energy cost for the HHR case is

N D .y

HHR _ 2,0

Eiltare = D a7 ©)
i=1 pz,z—l—l

Inthecase of NV intermediate nodes, with each hop being of distance % and having alink packet error rate of py;,., this
reduces to:

HHR D®
Etotd red = CNE-1 (L= prink) (10)

Figure 3 plots the total energy for the HHR case, for K = 2 and different values of N and p;;,.;. In this case, it
is easy to see that the total energy required always decreases with increasing NV, following the ﬁ asymptote. The
logarithmic scale for the energy cost compresses the differencesin the value of PH'%IRreI for different py;,.... I al links
have the same error rate, it would therefore, be beneficia to substitute a single hop with multiple shorter hops.

In Figure 3 we can also observethe effect of increasing value of py;,.x for afixed N. Asexpected, a higher link error
rateleadsto larger number of re-transmissionsand a higher energy consumption. It isimportant to notethat the effect of
increasing link error ratesismore significantin the EER case— inFigure 1, for N = 10, increasing theloss probability
from 0.1 t0 0.2 can increase the energy consumption ten-fold.

A comparison of the energy consumptioninthe EER and HHR casesfor identical valuesof N and K showsthat the
energy consumptionin the EER case isat |east an order of magnitude larger, for even moderate values of the link error
rate. By avoiding the end-to-end retransmissions, the HHR approach can significantly lower thetotal energy consump-
tion. These analysesreinforce the requirementsof link-layer retransmissionsin any radio technology used in multi-hop,
ad-hoc wireless networks.



IV. ASSIGNING LINK COSTS FOR MINIMUM ENERGY RELIABLE PATHS

In contrast to traditional Internet routing protocols, energy-aware routing protocols typically compute the shortest-
cost path, where the cost associated with each link is some function of the transmission (and/or reception) energy asso-
ciated with the corresponding nodes. To adapt such minimum cost route determination algorithms (such as Dijkstra's
or the Bellman-Ford algorithm) for energy-efficient reliable routing, the link cost must now be a function of not just the
associated transmission energy, but the link error rates as well. Using such a metric would alow the routing algorithm
to select linksthat present the optimal tradeoff between low transmission energies and low link error rates. Aswe shall
shortly see, defining such alink cost is possible only in the HHR case; approximations are needed to define suitable
cost metricsin the EER scenario.

Consider a graph, with the set of vertices representing the communication nodes and a link (¢, j) representing the
direct hop between nodes ¢ and j. For generality, assume an asymmetric case where (i, j) is not the same as (j, ¢);
moreover, (i, 7) refers to the link used by node : to transmit to node 7. A link is assumed to exist between node pair
{1, 7} aslongas node j lieswithin the transmissionrange of node. Thistransmissionrangeis uniquely defined for the
constant-power case; for the variable-power case, thisrange is really the maximum permissible range corresponding
to the maximum transmission power of a sender. Let F; ; be the energy associated with the transmission of a packet
over link ; ;, and p; ; be thelink packet error probability associated with that link. (In the fixed-power scenario, F; ; is
independent of the link characteristics; inthe variable-power scenario, £; ; isafunction of the distance between nodes:
and 5.) Now, the routing algorithm’sjob isto compute the shortest path from a source to the destination that minimizes
the sum of the energy costs over each constituent link.

A. Hop-by-Hop Retransmissions (HHR)

Consider a path P from a source node .5 (indexed as node 1) to node D (indexed as node N + 1) that consists of
N — 1 intermediate nodesindexed as 2, . . ., V. Then, choosing path P for communication between 5 and D implies
that the total energy cost is given by:

Fp — g: _Fiip1 (11)
P == piin

Choosing a minimum-cost path from node 1 to node N + 1 isthus equivalent to choosing the path P that minimizes
Equation 11. It isthus easy to see that the corresponding link cost for link L ; ;, denoted by C'; ;, isgiven by:
E

T (12)

.=
-y

WEell known ad-hoc routing protocols, such as AODV, DSR and TORA, can usethislink cost to compute the appro-
priate energy-efficient routes. Some of the existing energy-efficient routing techniques, e.g. PARO, can also be easily
adapted to use thisnew link cost formulation to compute minimum-energy routes. Thus, in such amodified version of
the PARO agorithm, an intermediate node C' would offer to interject itself between two nodes A and B if the sum of
thelink costs C'4 ¢ + C¢,p Waslessthan the ‘direct’ link cost C'4 5.

B. End-to-End Retransmissions (EER)

In the absence of hop-by-hop retransmissions, the total energy cost along a path contains a multiplicative term in-
volving the packet error probabilities of the individual constituent links. In fact, assuming that transmission errors on
alink do not stop downstream nodes from relaying the packet, the total transmission energy can be expressed as:

N
A
EP — ]%:2_1 g+l (13)
[Lo: (1 = piit1)



Giventhisform, thetotal cost of the path cannot be expressed as alinear sum of individual link costs °, thereby making
the exact formulation inappropriate for traditional minimum-cost path computation algorithms. We therefore concen-
trate on alternative formulationsof thelink cost, which allow usto use conventional distributed shortest-cost algorithms
to compute “ approximate” minimum energy routes.

A study of Equation 13 showsthat using alink withahigh p can bevery detrimental inthe EER case: an error-prone
link effectively drives up the energy cost for al the nodes in the path. Therefore, a useful heuristic function for link
cost should have a super-linear increase with increase in link error rate; by making the link cost for error-prone links
prohibitively high, we can ensure that such links are usually excluded during shortest-cost path computations.

In particular, for a path consisting of k identical links (i.e. have the same link error rate and link transmission cost),

Equation 13 will reduce to
kE

(L—p)*
where, p isthe link error rate and F is the transmission cost across each of these links. This leads us to propose a
heuristic cost function for alink, asfollows:

Ep = (14)

Ei;
Capprox _ 2 J (15)

o (1= pij)t

where I = 2,3, ..., andischosento beidentical for al links ®. Clearly, if the exact path length is known and all nodes
on the path have the identical link error rates and transmission costs, 7. should be chosen equal to that path length.
However, in accordance with current routing schemes, we require that a link should associate only a single link cost
with itself, irrespective of the lengths of specific routing paths that pass through it. Therefore, we need to fix the value
of I, independent of the different pathsthat crossagiven link. If better knowledge of the network paths are available,
then L should be chosen to be the average path length of thisnetwork. Higher values of I impose progressively stiffer
penalties on links with non-zero error probabilities.

Given this formulation of the link cost, the minimum-cost path computation effectively computes the path with the
minimum “approximate” energy cost given by:

Ep ~ zz—l—l 16
P Z T (16)

As before, protocolslike AODV, DSR, TORA and PARO can use thisnew link cost function C'#""*" (Equation 15) to
make their routing decisions.

Aswithour theoretical studiesin Section 111, theanalysisheredoesnot directly apply to TCP-based reliabl etransport,
since TCP's loss recovery mechanism can lead to additional transients. In the next section, we shall use simulation-
based studies to study the performance of our suggested modificationsto the link cost metric in typical ad-hoc topolo-
gies.

V. PERFORMANCE EVALUATION: MINIMUM ENERGY PATHS

The analysis of the previous section provides a foundation for devising energy-conscious protocolsfor reliable data
transfer. In this section, we report on simulation-based studies that examine the performance of our suggested tech-
niques for computing energy efficient reliable communication paths. We performed our smulationsin the ns-2 simu-
lator. We experimented with different types of traffic sources:

®We do not consider solutionsthat require each nodeor link to separately advertisetwo different metrics. It ispossibleto define optimal energy
efficient pathsif nodes distributed two separatemetrics— a) £ ; andb) log(1 — p; ;). Thecumulativevalues . E; ; and > log(1 — ps ;) can
be used by nodesto compute such optimal paths.

There should be an L factor in the numerator too (asin Equation 14, but sincethis isidentical for al links, it can be ignored).
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Fig. 4. The49-nodetopology. The shaded region marks the maximum transmission range for the corner node, A. There are three flows from
each of the 4 corner nodes, for atotal of 12 flows.

1) For studies using the EER framework, we used TCP flows implementing the NewReno version of congestion
control.

2) For studiesusing the HHR framework, we used both UDP and TCP flows. In UDP flows, packets are inserted by
the source at regular intervals.

To study the performance of our suggested schemes, we implemented and observed three separate routing algo-

rithms:

1) The minimum-hop routing algorithm, where the cost of all linksisidentical and independent of both the trans-
mission energy and the error rate.

2) The Energy-Aware (EA) routing algorithm, where the cost associated with each link is the energy required to
transmit a single packet (without retransmission considerations) across that link.

3) Our Retransmission-Energy Aware (RA) algorithm, where the link cost includesthe packet error rates, and thus
considers theimpact of retransmissions necessary for reliable packet transfer. For the HHR scenario, we use the
link cost of Equation 12; for the EER model, we use the ‘ approximate’ link cost of Equation 15with L = 2. In
Section V-D.2, we a so study the effect of varying the /.-parameter.

In the fixed-power scenario, minimum-hop routing creates the most energy efficient pathsif link error rates are ig-
nored. Therefore, minimum-hop and EA agorithmsexhibit identical behavior in this case.r Accordingly, it suffices to
compare our RA algorithm with minimum-hop routing alone. For our experiments, we used different topol ogieshaving
upto 100 nodesrandomly distributed on a square region, to study the effects of various schemes on energy requirements
and throughputsachieved. In thissection, we discussin detail resultsfrom one representative topol ogy, where 49 nodes
were distributed over a 70X 70 unit grid, equi-spaced 10 unitsapart (Figure 4). The maximum transmission radiusof a
node is 45 units, which implies that each node has between 14 and 48 neighbors on this topol ogy,

Each of therouting techniqueswerethen run on these static topol ogiesto derivethel east-cost pathsto each destination
node. To simulate the offered traffic load typically of such ad-hoc wireless topologies, each of the corner node on the
grid had 3 active flows, providing atotal of 12 flows. Since our objective was to study the transmission energies alone,
we did not consider other factors such as link congestion, buffer overflow etc. Thus, each link had an infinitely larger
transmit buffer; the link bandwidthsfor all links (point to point) was set to 11 Mbps. Each of the simulationswas run
for afixed duration.



A. Modeling Link Errors

The relation between the bit-error-rate (p;) over awireless channel and the received power level P. isafunction of
the modulation scheme. However, in general, several modulation schemes exhibit the following generic relationship

between p;, and F,:
[constant x P,
pb X €TfC( N—Xf)

where N isthe noise spectral density (noise power per Hz), f istheraw channel bit-rate and erfe(z) is defined as the
complementary function of erf(z) and isgiven by

2 T e
erfc(x):]—ﬁ/g e~ dt

As specific examples, the bit error rate isgiven by p, = erfe(/ 55 7) for coherent OOK (on-off keying), by ps =

(M = 1) xerfe(y /2510y for M-ary FSK (frequency shift keying) and by

P = 0.5 X erfe( ]\I;T ), a7)

for BPSK (binary phase-shift keying).

Since we are not interested in the details of a specific modulation scheme but merely want to study the general de-

pendence of the error rate on the received power, we make the following assumptions:

i) The packet error rate p, equals S.py, Where p, isthe bit error rate and 5’ is the packet size. Thisis an accurate
approximation for small error rates py; thus, we assume that the packet error rate increases/decreases in direct
proportionto py.

ii) The received signal power isinversely proportional to D, where D isthe link distance, and K isthe same con-
stant as used in Equation 2. Thus P, can be replaced by P;/D® where P; isthe transmitter power. We choose
BPSK as our representative candidate and hence, use Equation 17 to derive the bit-error-rate.

We report resultsfor both fixed and variable power scenariosin our simulations.

» Fixed transmission power: In this case, all the nodes in the network use a fixed power for al transmissions,
which isindependent of the link distance. While such an approach isclearly inefficient for wireless environments,
it is representative of several commercial radio interfaces that do not provide the capability for dynamic power
adjustment. From Equation 17, it is clear that links with larger distances have higher packet error rates.

For our experiments in this case, we first chose a maximum error rate (p,...-) for an unit hop along the axes for
the grid topology given in Figure 4. Using Equation 2 and 17, it isthen possible to cal culate the corresponding
maximum error rates on the other links.

To add the effect of random ambient noise in the channel, we chose the actual packet error rate on each link uni-
formly at random from theinterval (0, p,,q.:), Where p,,,..- isthe maximum packet error rate computed for that link.
For different experiments, we varied the p,,, .. for the unit hop links (and correspondingly the maximum error rates
for the other links).

o Variabletransmission power: In thiscase, we assumethat all the nodes in the network are dynamically ableto
adjust transmission power across the links. Each node chooses the transmission power level for alink so that the
signal reaches the destination node with the same constant received power. Since we assume that the attenuation
of signa strengthis given by Equation 1, the energy requirements for transmitting across links of different lengths
isgiven by Equation 3.

Since all nodes now receive signals with the same power, the bit error rate, given by Equation 17, is now depen-
dent only on the distance-independent receiver noise component. Accordingly, if we assume that the noise level
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fixed transmission power scenario.

at different receivers are independent of one another, it followsthat the bit-error rates of different links are essen-
tially random and do not depend on the link distance. We simply need to model the random ambient noise at each
receiver. We chose the maximum error rate for alink due to ambient noise, (pgmpient): for the different experi-
mentsinthiscase. We then chosethe actua error ratefor any particular link uniformly at random from theinterval

(0, Pambient)-

B. Metrics
To study the energy efficiency of the routing protocols, we observed two different metrics:

1)

2)

Normalized energy: We first compute the average energy per data packet by dividing the total energy expendi-
ture (over al thenodesin the network) by the total number of unique packetsreceived at any destination (sequence
number for TCP and packets for UDP). We defined the normalized energy of a scheme, as the ratio of the aver-
age energy per data packet for that scheme to the average energy per data packet required by the minimum-hop
routing scheme. Since, the minimum-hop routing scheme clearly consumes the maximal energy, the normalized
energy parameter providesan easy representation of the percentage energy savingsachieved by the other (EA and
RA) routing algorithms.

Effective Reliable Throughput: This metric counts the number of packets that was reliably transmitted from
the source to the destination, over the simulated duration. Since all the plots show results of runs of different
schemes over the same time duration, we do not actually divide this packet count by the simulation duration.
Different routing schemes will differ in the total number of packetsthat the underlying flows are able to transfer
over an identical time interval.

C. Fixed Transmission Power Scenario

We first present results for the case where each node uses a fixed and constant transmission power for all links. In
this case, it is obviousthat the EA routing scheme degenerates to the minimum-hop routing scheme.

1)

HHRModel: Wefirst present theresultsfor the case where each link implementsits own localized retransmission

algorithm to ensure reliable delivery to the next node on the path.

HHR with UDP: Figure 5 showsthethetotal energy consumption for the routing schemes under link-layer retrans-
missions (HHR case). We experimented with arange of link error rates to obtain these results. Ascan be seen, the RA
scheme shows a significant improvement over the minimum-hop (identical in this environment to the EA) scheme, as
expected. Withincreasing link error rates, the benefits of using our re-transmission aware scheme become more signif-
icant. For example, at amaximum link error rate for the unit hop links (p....:) of 0.25, the RA scheme consumes about
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Fig. 6.  Energy required for TCP flows with link layer re-
transmissions (HHR) for fixed transmission power scenario.

24% lower energy than the other two schemes. Note, that in thiscase, 0.25 is only the maximum link error rate for the
unit links; different unit links will have actual error rates varying between 0.0 and 0.25.

It is perhaps important to emphasize that it is only the normalized energy for the RA scheme which decreases with
increasing link error rate. The absolute energy expenditure will obviously increase with an increasing value of p ..
for all routing agorithms.

HHR with TCP: In Figure 6, we observe the same metric for TCP flows. When link-layer retransmissionsare avail-
able, thetrendsfor bothUDP and TCP flows, intermsof energy requirementsare similar, However, itismoreinteresting
to observe the consequences of using these different schemes on the number of data packets transmitted reliably to the
destinationsof theflows. ThisisshowninFigure7. The RA scheme consistently deliversalarger volume of data pack-
ets to the destination within the same simulated duration, even whileit is consuming less energy per sequence number
transmitted. Thisisbecause of two reasons. First, the RA scheme chooses path with lower error rates. Thusthe number
of link-layer retransmissions seen for TCP flows using the RA scheme is lower, and hence the round trip time delays
are lower. The throughput, 7', of a TCP flow, with round trip delay, © and loss rate, p, variesas[12]:

1 1
T(t,p) . X 7 (18)
The RA scheme has smaller values of both p and + and so has a higher throughput.

2) EERModel: We now providethe results of our experiments under the EER scheme.

EER with TCP: We looked at the energy requirements when end-to-end TCP re-transmissions are the sole means
of ensuring reliable datatransfer. The minimum-hop algorithm always chooses a small number of larger distancelinks.
In thisfixed transmission power case, the received signal strengthislower for larger distance links. Consequently (by
Equation 17), the minimum-hop algorithm chooses links with higher bit error rates. Since there are no link layer re-
transmissions, the loss probability for each data segment isfairly high. Therefore this scheme achievesavery low TCP
throughput (lessthan 1% of that achieved by the RA scheme) and still used 10-20% more energy. Henceit was difficult
to do meaningful simulation comparisons of the RA scheme with this minimum-hop algorithm.

D. Variable Transmission Power Scenario

Inthiscase, thenodesare ableto adapt their transmission power, sothat thereceived signa strengthisidentical across
all links. To achievethis, clearly, linkswith larger distancesrequire a higher transmission power than linkswith smaller
distances. In thissituation, we varied the link error rate due to ambient noise at the receiver of the linksto compare the
different schemes.
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Fig. 9.  Energy required for TCP flows with link layer re-
transmissions (HHR) for variable transmission power scenario.

Unlike the fixed transmission power case, the EA routing algorithm in this case chooses paths with alarge number
of small hops, and haslower energy consumption than the minimum hop routing algorithm. Therefore, in theseresults,
we compare our RA scheme with both EA and minimum-hop routing.

1) HHRModel: Wefirst present theresultsfor the case where each link implementsitsown | ocalized retransmission
algorithm to ensure reliable delivery to the next node on the path.

HHR with UDP: Figure 8 showsthethetotal energy consumption for the routing schemes under link-layer retrans-
missions (HHR case). We experimented with a range of channel error rates to obtain these results. Both EA and RA
schemes are a significant improvement over the minimum-hop routing scheme, as expected. However, with increasing
channel error rates, the difference between the normalized energy required per reliable packet transmission for the RA
and the EA schemes diverges. At some of the high channel error rates (pumpiens = 0.5), the energy requirements of
the RA scheme is about 25% lower than the EA scheme. It is again important to note that this error rate is only the
maximum error rate for the link. The link error rates of individual links are typically much smaller.

Once again, it isonly the normalized energy for the RA scheme which decreases. The absolute energy required ob-
viously increases with an increasing value of p ;4.

HHR with TCP: In Figure 9, we observe the same metric for TCP flows. Asbefore, the energy requirements of for
the RA schemeis much lower than the EA scheme. Additionally, we can again observe (Figure 10) that the number of
data packets transmitted reliably for the RA scheme is much higher than that of the EA scheme.
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2) EERModel: Finally, we provide the results of our experiments under the EER framework.

EER with TCP: For the EER caseg, like before, it was often difficult to simulate links with high error rates— even
with asmall number of hops, each TCP packet islost with a high probability and no data ever getsto the destinations.

Theenergy savingsachieved by the RA agorithmismore pronounced when no link-layer retransmission mechanisms
arepresent. For someof the higher link error ratessimulated inthisenvironment (e.9., p.nq. = 0.22), theenergy savings
of the RA scheme was nearly 65% of the EA scheme, as can be seenin Figure 11. Again, it isinteresting to observethe
data packets transmitted reliably by the EA and the RA schemes, simulated over the same duration (Figure 12). TheRA
scheme transmits nearly an order of magnitude more TCP sequence numbers than the EA scheme, even for relatively
small maximum error rates (p,,.. between 0.1t0 0.14). Whilethetotal TCP goodput approaches zero for both schemes,
asthelink error ratesincrease, therate of decrease in the TCP goodput is much higher for the EA scheme than the RA
scheme.

Varying L: InFigure 13, we varied the -parameter of Equation 15 for aspecific error rate onthelinks(i.e., pa. =
0.175). Thenumber of reliably transmitted packetsincreased monaotonically with thevalue of .. However, the curvein
the figure has a minimum “energy per reliably transmitted packet”, correspondingto L = 5, in thisexample’. Varying
the L-value from this optimal value leads to poorer energy-efficiency (higher energy/packet). There isthusclearly a

" Finer measurementswith many more L-values would yield the exact L that minimizes this curve.



trade-off between the achieved throughput, and the effective energy expended. To achieve a higher throughput, it is
necessary to prefer fewer hops, as well as links with low error rates (higher error rate links will cause higher delays
due to re-transmissions). This plot illustrates the following important point: it is possible to tune the 7.-parameter to

choose an appropriate operating point that captures the tradeoff between a) the achieved TCP throughput, and b) the
effective energy expended per sequence number received reliably. Of course, the right choice of I is expected to be
topol ogy dependent. We leave the problem of devel oping an adaptive algorithm for optimizing 7. in a specific network
as an open problem for future research.

VI. MAXIMIZING NETWORK LIFETIME: THE MRPC ALGORITHM

Selecting the path with the least transmission energy for reliable communication may not always maximize the life-
time of the ad-hoc network. We now discuss how we can include our retransmission-awareformulation of thelink cost
in an algorithm, called MRPC, that attempts to increase the operational lifetime of multi-hop wireless networks. Un-
like previousprotocols, MRPC considersboth the node characteristics (residual battery energy at the transmitting node)
and the link characteristics (link distance and link error rates) link, while evaluating the suitability of alternative paths.
Giventhecurrent battery power levelsat the different nodes, MRPC sel ectsaroutethat hasthe maximumreliable packet
carrying capacity among all possible paths, assuming no other cross traffic passes through the nodes on that path.

To formalize the algorithm, let us assume that the residual battery power at a certain instance of timeat node : is B;.
As before, |et the transmission energy required by node: to transmit a packet over link (7, j) tonode j be E; ;. Let the
source and destination nodesfor a specific session (route) be 5 and D respectively. If theroute-selection algorithm then
selectsapath P from S to D that includesthelink (¢, 5 ), then the maximum number of packetsthat node : can forward
over thislink isclearly B,/ E; ;. Accordingly, we can define anode-link metric, A ; for thelink (i, j) as:

B;
FE

M; ;= (19)
7
Thekey point in thisformulationisthat the cost metric includes both a node-specific parameter (the battery power) and
a link-specific parameter (the packet transmission energy for reliable communication across the link).

Clearly, the “lifetime” of the chosen path P, defined by the maximum number of packets that may be potentialy
forwarded between S'and D using path P, isdetermined by the weakest inter mediate node— one with the smallest value

of M; ;. Accordingly, the “lifetime” associated with route P is:

Lifep = min {M; ;} (20)
(i,j)eP

The MRPC algorithm then selectsthe route P, 4i44: that maximizes the "lifetime” of communication between .S
and D. Formally, the chosen route is such that:

Peandidate = arg max{Lifep|Pe all possible routes} (21)

Whilethe computed route may be optimal at thetime of computation, therandom traffic patternswill potentially make
the currently selected paths sub-optimal at some point in the future. Thus, MRPC isreally aroute selection algorithm; a
routing protocol that uses M RPC for multi-hop wireless networkswill include mechanisms for periodic and distributed
route computation.

A. Distributed Implementation

Given the cost and lifetime formulations for MRPC (Equations 19 and 20), it is then easy to use a modified version
of Dijkstra’sminimum cost algorithm for decentralized route computation. Notethat Li fe p isnot an additivefunction
of theindividual node-link costs. It can, however, be computed over a path by applying themin operator in aniterative
fashion.



To apply Dijkstra salgorithm for determining the minimum-cost path, we define the di stance metric from any nodeto
the given destinationasthevaueof 1.: fe p over the optimal path from that nodeto . Now consider anode A that sees
advertisements from its neighbors, { X, Y, Z, .. .} with corresponding distance metrics Life x, Lifey, Lifez,...for
agivendestination D. Node A can then compute the best path to D (using its optimal neighbor) by using the following
simple algorithm:

1) For each of the neighboringnodes (5 ¢ {X,Y, Z, . ..}), compute thelink cost M 4 ; using Equation 19.

2) For each of the neighboring nodes (je{ X, Y, Z, . . .}), compute the potential new value of Life,,: using

Life, (A, j)=min {My ;, Life;}

3) Select asthenext-hop neighbor towards D asthat nodewhichresultsinthemaximumvalueof Life ., i.e., chose
node % such that

k= arg jE{I%%;fZ}{Lz’fepot(A, 7}
and assigning Lifes = Life,o¢( A, k).

It iseasy to see that using this recursive formulation allows all nodesin the ad-hoc network to iteratively build their
optimal route towards a specific destination . The distance-vector formulation presented here can easily be incorpo-
rated in protocols, suchas AODV, DSR and TORA, that are specifically designed for ad-hoc mobile environments. The
intent of this paper isnot to indicate the choice of a specific routing protocol, but to define aset of power-aware metrics
for use by a protocol during route selection.

B. Applying MRPC to Energy-Aware Cost Formulations

The basic MRPC formulation for power-aware routing does not need to specify the value of the transmission energy
cost associated with a specific link. Note that Equation 19 is expressed as a function of a generic link cost M ; ;. Ac-
cordingly, by specifying different forms of A; ; itis possibleto tailor the MRPC mechanism for specific technologies
and/or scenarios.

For the fixed-power scenario, the energy involved in a single packet transmission attempt, £ ;, isaconstant for all
(1, ) and isindependent of the distance between neighboring nodes: and j. For the variable-power scenario, £; ; will
typically be x D', where D; ; is the distance between nodes i and .

In Section 111, we showed why a routing algorithm for reliable packet transfer should include the link’s packet error
probability in formulating the transmission energy cost. By ignoring the packet error probability, the link cost con-
centrates (wrongly) only on the energy spent in transmitting a single packet; the correct metric is the effective packet
transmission energy for reliable transmission, which includes the energy spent in one or more re-transmissions that
might be necessary in the face of link errors. In Section IV, we had suggested a transmission energy metric of the form
Ci; = Eij/(1 = pi ;)L where p; ; isthe link’s packet error probability, I > 1. For hop-by-hop re-transmissions (a
reliablelink layer) 1. should be chosen to be 1; in the absence of hop-by-hop re-transmissions(i.e. re-transmissionsare
only performed end-to-end), the transmission cost iswell approximated by . € [3, 5].

It should thusbeclear that MRPC degeneratesto MMBCR [22] onlyif all nodesareincapabl e of dynamically adapting
their power based on the transmission range, and only if al links have the same intrinsic error rates. In al other cases,
MRPC makes a more intelligent choice, since it takes into consider the potential variability in the energy needed for
reliable packet transfer.

For the simulation results reported later, we assume that the nodes are capable of performing link-layer retransmis-
sionsfor lost or corrupted frames (i.e. HHR case). We also assume that nodes choose the frame transmission power
depending on the link attenuation effects (i.e. variable power scenario).
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Fig. 14. The49-node topology. The shaded region marks the maximum transmission range for the corner node, A when R=1.5.

C. CMRPC

The CMRPC agorithm isthe MRPC equivalent of the CMMBCR algorithm presented in [22]. The CMMBCR -
gorithm is based on the observation that using residual battery energy as the sole metric throughout the lifetime of the
ad-hoc network can actually lower the overall lifetime, since it never attempts to minimize the total energy consump-
tion. Accordingly, the CMMBCR al gorithm usesregular minimum-energy routing aslong asthereiseven one candidate
path, where the remaining battery power level in all the constituent nodes lies above a specified threshold v. When no
such path exists, CMMBCR switchesto MMBCR, i.e,, it picks the path with the maximum residual capacity on the
“critical node”.

Our CMRPC a gorithm differsfrom CMMBCR inthat the cost-functionsat all timesinclude the link-specific param-
eters (e.g. error rates) as defined in Section 1V. The algorithm can thus be specified asfollows. Let ¥ be the set of al
possible paths between the source .S and destination ). At any point of time, let 2 represent the set of paths such that:

for any route () € Q Lifeg > v

i.e, € representsthe set of pathswhose most critical nodeshavealifetime greater than a specified threshold. Therouting
scheme thus consists of the following actions:

1) If Q # 0 (there are one or more paths with Li fe greater than the threshold, the algorithm selects a path @ Q2
that minimizesthe total transmission energy for reliable transfer, i.e.,

Q=argming cof{ >, M;} (22)
(i.j) €@

2) Otherwise, switch to the MRPC algorithm, i.e., select () such that
Q = argmax{Lifeg|QeV}

Thethreshold v isaparameter of the CMRPC algorithm—alower value of v impliesa smaller protection margin for
nodes nearing battery power exhaustion. Accordingly, the performance of the CMRPC agorithm will be a function of

v.

VII. PERFORMANCE EVALUATION: MAXIMIZING NETWORK LIFETIME

In this section, we use simulation studies to understand the performance benefits and tradeoffs associated with the
MRPC and the CMRPC routing algorithms. We compare the performance of 6 different routing schemes:



1) Min-Hop Routing: Thisisthe conventiona “energy-unaware” Internet routing algorithm, where each link isas-
signed an identical cost.

2) Min-Energy Routing: Thisalgorithm, referred to RA in Section V, simply selects the path corresponding to the
minimum packet transmission energy for reliable communication, without considering the battery power of in-
dividual nodes.

3) MMBCR: Thispower-aware routingal gorithm, described earlier, selectsthe pathwhosecritical node hasthehigh-
est residual battery energy.

4) CMMBCR: This agorithm, also described earlier, switches from minimum-energy paths to MMBCR when the
residual battery energy fall below a specified threshold.

5) MRPC: Our algorithm always usesthe path with the highest value of Life p.

6) CMRPC: Thisconditional version of MRPC uses the min-energy algorithm aslong as Life p associated with the
chosen route P lies above a specified threshold; once the critical link-node cost function falls below this value,
the algorithm switchesto MRPC-based routes.

A. Smulation Model

For our experiments, we used the same set of topologiesasin Section V to study the effects of various schemes
on energy requirements and throughputs achieved. In this section, we discussin detail results from the same 49 node
topology aspresentedin Section V. Thecorner nodesand the mid-pointsof each sideof therectangular grid were chosen
as traffic sources and destinations-the bold linesin Figure 14 show the session end-points. Each (source, destination)
pair had 2 simultaneous sessions activated in the opposite direction, giving riseto atotal of 16 different sessions. For
the results reported here, each session consisted of a UDP traffic generated by a CBR source whose inter-packet gap
was distributed uniformly between 0.1 — 0.2 secs. The error rate on each link was independently distributed uniformly
between (0.05, p,.q.); We experimented with varying values of p,,.... Routes were recomputed at 2 second intervals
in these simulationsto capture the effect of changesin the residual packet capacity on the link metrics.

Whenever nodes died (when its battery power gets completely drained) during the course of a simulation, our simu-
lation code would check whether the graph became partitioned. The simulationswere run until each of the 16 sessions
failed to find any route from their sourceto the corresponding destination. To avoid the termination of a simulation due
to battery power exhaustion at source or destination nodes, all source and sink nodeswere configured to have ‘infinite
power resources. All the other ‘intermediate’ nodeswere configured with identical initial battery power levels.

To study the performance of the various algorithms, we performed experiments where the maximum transmission
radius, R, of each nodewasvaried. Figure 14 showsthe set of neighboring nodesfor a corner node when the transmis-
sion radiusis set to 1.5. We note the expiration sequence, as well as the node expiry times, for each smulation. The
expiration sequence (sorted in ascending order of the expiration times) provides a useful indicator of how each algo-
rithm affects thelifetime of theindividual nodes, and the entire network. 1n additionto the expiration sequence, we also
calculate the total packet throughput by counting the total number of packets successfully received at the destination
nodes, and the energy costs per packet by dividing the total energy expenditure by the total packet throughput. Except
for the expiration sequences, all other metrics were obtained by averaging over multiple runs.

B. Expiration Sequence and Energy Costs

Figures 15, 16 and 17 plot the node expiration sequence, the total packet throughput and the effective energy per
packet respectively for all therouting algorithmswhen thetransmissionradius, R, wasset equal to 1.5 unitsand p 4, =
0.3. The protection threshold was set to 75% of thetotal battery capacity for CMMBCR and 75% of the average initial
packet capacity for CMRPC. We can see that, as expected, the minimum-hop agorithm performs the worst, since it
not only fails to balance the workload among the intermediate nodes, but also uses large-distance (i.e. the diagonal)
hops and consequently larger transmission energy. In contrast, while the minimum-energy algorithm does use smaller
individual hops, it is also susceptibleto high variability in the expiration sequence. The plot effectively demonstrates
the improved performance of MRPC over al the other schemes in presence of link errors. In the MMBCR scheme,
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the network partitionsthe sources and the destinationsby ~ 102 secs. The MRPC algorithm, instead, is ableto ensure
packet transfer till ~ 120 secs. Thefigurealso demonstratestherelative performance benefitsof the conditional variants
of MMBCR and MRPC. Both CMRPC and CMMBCR perform much better than MRPC and MMBCR respectively,
sinceduring theinitia “minimum-energy routing” phase, it considersthe differential transmission energy consumed by
different links.

The performance variation among the algorithms can be observed more clearly in Figures 16 and 17. While the
min-energy (RA) agorithm obviously resultsin the lowest effective energy per packet, it also resultsin amuch smaller
total packet throughput. In contrast to MMBCR, MRPC is not only able to transmit a much larger number of packets
but also at alower per-packet energy consumption. Similarly, CMRPC outperforms CMMBCR in both thetotal packet
throughput as well as the energy efficiency.

Therelative performance of MRPC and CMRPC depend on the choice of the thresholdv. CMRPC does not always
outperform MRPC and the benefits depend on the choice of the threshold value. If v isclose to 100%, CMRPC degen-
erates to MRPC; on the other hand, if v iscloseto 0%, CMRPC degenerates to min-energy routing. Figures18 and 19
show the total network throughput and energy per transferred packet as the CMRPC protection threshold ~ isvaried.
Clearly, the average energy per packet increaseswithincreasing ~, as CMRPC performs minimum-energy routing for a
smaller duration. On the other hand, the total network throughput is maximized at an intermediate value for 4 (around
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20%in Figure 18). While smaller values (longer min-energy routing) lead to higher variability in the expiration times,
larger valuesfail to exploit minimum-energy paths even if the residual battery capacities are sufficiently large.

VIIl. CONCLUSION

In thispaper, we have shown why the effectivetotal transmissionenergy, which includesthe energy spent in potential
retransmissions, isthe proper metric for reliable, energy-efficient communications. Theenergy-efficiency of acandidate
route is thus critically dependent on the packet error rate of the underlying links, since they directly affect the energy
wasted in retransmissions. Our analysis of the interplay between error rates, number of hops and transmission power
levelsreveals several key results:

1) Evenif al links have identical error rates, it is not always true that splitting a large-distance (high-power) hop

into multiple small-distance (low-power) hopsresultsin overall energy savings.

2) Any routing algorithm must evaluate a candidate link (and the path) on the basis of both its power requirements

and itserror rate.

3) Link-layer retransmission support (HHR) isamost mandatory for awireless, ad-hoc network, sinceit can reduce

the effective energy consumption by at least an order of magnitude.

4) The advantage of using our proposed re-transmission aware routing scheme is significant irrespective of whether

fixed or variable transmission power is used by the nodesto transmit across links.

In the mode! used in this paper, we have only considered the energy consumption for packet transmission, ; ;, in
formulating our link cost C'; ; in Equations12 and 15. Different studies(e.g., [21]) have shown that the energy expended
for packet reception is sometimes comparable to the energy consumed for packet transmission for some wireless tech-
nologies. This packet reception cost can be easily accommodated in our energy cost formulation. For example in the
HHR framework, we can simply modify Equation 12 as C; ; = (£;; + R ;)/(1 — p; ;), where R; ; is the energy
consumed for packet reception on link (7, ).

We have aso presented a power-aware algorithm, MRPC and its conditional variant, CMRPC, for energy-efficient
routing in ad-hoc wireless networks. Our agorithm uses a combined node-link metric to choose routes. Through de-
tailed simulations we show that a protocol based on this algorithm is able to significantly reduce energy requirements
at the nodes, as well as extend the operational lifetime of the network.
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