Adaptive power-aware metric for
M obile Ad-hoc Networ ks'

Shiyi Wu and Christian Bonnet.
Dept. of Mobile Communications,
Institut Eurecom

2229, Route des Cretes,

06904 Sophia-Antipdlis, France
Shiyi. Wu@eurecom.fr
Christian.Bonnet@eurecom.fr

Abstract: Energy efficiency routingis required to well use
limited power resources in wireless ad hoc networks,. In
this paper, we investigate problems of minimizing
transmisson power routing, which depends on dstance
between nodks, and cost aware routing, which depends on
remaining kettery power of nodes, as reference dgorithm.
As the result of our reseach we propcse a new linea
algorithm, called power-cost-aware dgorithm, that uses
both powver consumption and cost metric depending on the
battery's residual cgpadty, to maximizethe lifetime of both
network and node. Our simulation results indicate that the
proposed power-cost-aware metric performs as good as
minimizaion transmisson power and cost aware metrics
in sparse networks and outperforms those metrics as the
network becomes more dense.
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1 Introduction

A Wireless ad hoc network is a colledion of wireless
mobile nodes, which dynamicaly form a temporary
network, without using any existing network infrastructure
or centralized administration. Current typicd applicaions
of wirelessad hac network include battlefield coordination
and on site disaster reli ef and management.

Wirelessad hac network is beaoming increasingly popular
in the communicaions reseach due to the projected
demand for and easily deployable high-speed connections.
Since this type of networks consists of sets of mohile
nodes that have batteries as sources of power, energy
becomes a scarce resource. In addition to high error rates,
constantly varying channels and limited bandwidth, a new
constraint is impaosed, which is limited energy supplies.
One of the objectives of projeding wireless ad hoc
networks is to dbtain high througtput with optimal
transmisson power.
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In this paper we cncentrate on conservation o power in
wireless ad-hoc networks snce most existing routing
algorithms do not consider energy efficient transmissonin
their routing decisions. The power saving routing
algorithm is based on using either energy consumption o
cost-aware metrics. When we use only minimal energy
consumption algorithm, it will always route messages over
the path that needs minimum transmisson power. This
may not always be advantageous in case of overal
network performance because this path will usually be
multi-hop path and hence occupy more network resources.
Energy consumption metric does not consider residual
battery power at nodes. Therefore, it has impact on nod's
lifetime by preferring some paths to the others and thus
overusing the energy resources of a small set of nodes in
favor of other nodes.

Cost-aware metric is based on residua battery power at
nodes and attempts to extend the lifetime of node. It
assgns high cost to nodes with low residual battery power
and low cost to nodes with high reaming kettery power.
Thus, the posshility of using nodes with lower remaining
battery is reduced. Cost-aware metric results in favoring
links that are not heavily utilized and consist of nodes that
have high residual capadty. Cost-aware metrics assume
that nodes transmit packets in same power level. So, it
does not optimise transmisson power for a padet.

In this paper, we propose a new power-cost-aware
algorithm in order to increase lifetime of both network and
node. Minima energy consumption agorithm can
minimize the total power consumption for routing the
message from source to destination. Cost-aware dgorithm
is to extend node's lifetime by distributing the traffic over
all posshble paths. We tried to find an optimal solution by
employing bdah algorithms by adding weight factors that
are dependent on the battery's remaining capacity. The
proposed metric employs a unique formula throughou the



whole duration of the process and is based on
normalization of functions.

The rest of this paper is organized as follows. In the next
section (section 2), we present a short overview of the
previous work that has been done in this field. Section 3
presents our system model along with imposed constraints
and assumptions. And then, we precisely define the
problem and the proposed metric in section 4. In section 5,
we present the performance comparison results. Section 6
isour conclusions.

2 Overview of previouswork

Most of routing protocols use hop number or delay as
metric for paths computation. However some work has
been done in energy efficient routing. This section gives an
overview of most relevant works in this area.

2.1 Minimal energy consumption algorithm

In [2] Heizelman, Chandrakasan and Balakrishnan
proposed an energy efficient routing protocol for wireless
microsensor networks, where nodes are fixed and known
to al nodes. They used a simple signal attenuation radio
model for power consumption computation. Both
transceiver and receiver consume E, to transmit one bit
between them. Transceiver should consume further E;d” to
alow signa to arrive at receiver at distance d. Therefore
the normalized power needed to transmit and receive a bit
at distance d is u(d)=d*+2E, where E = Ey/E,. They
propose to utilize 2-level hierarchy of forwarding nodes,
where sensors form clusters and elect a random cluster
head, which forwards transmissions from each sensor
within its own cluster. This scheme is shown to save
energy under certain conditions.

In [3], Rodoplu and Meng considered a general model
represented as u(d)=d’+c to estimate normalized power
consumption, where d is the distance between two nodes,
a and c are some nstants that can be measured by
physicd experiments. The propcsed power-aware
algorithm runs in two phases. In the first phase each nocke
seaches for its neighbors and chooses those neighbors for
which direa transmisson requires less power than if
intermediate nodes were used. In the second phase eab
nodes runs a distributed loop free non-locked Bellman-
Ford shortest path algorithm using power consumption as
the “distance’ and cdculates the shortest path for each
attainable node. Rodogu and Meng used u(d)=d*+2*10?
in their experiments.

In [5], Stojmenovic and Lin generalize the model proposed
by Rodoplu and Meng in [3] by assuming that the power
needed for transmisson and reception of a bit is
u(d)=ad’+bd+c which includes models described in [3]
and [2], which is represented as u(d)=e+ (1+d)? whered is
the distance between nodes and e is a onstant that
depends on the kind of equipment. They use GPS to
provide location information to nodes. A locdized routing

algorithm is introduced to seled shortest weighted path.
The aithors also prove this routing algorithm isloop-free.

2.2 Cost-aware algorithm

Protocol proposed in [4] isinvolved in solving the problem
of energy criticd nodes and the proposed solution
maximizes the life of al nodesin the network by seleding
paths on which nodes with depleted energy reserves do not
lie on many paths. They propcse to use function fi(x),
which denates the node i' s reluctance to forwarcpadets
and x; represents the total energy expanded by nodei. The
less residual power, the higher value function f; gives.
After studying batteries discharge curve, as a particular
choice for f the authors have two solutions based on
measured voltage z. The first one is to define f; as fi(z) =
1/(z-2.8). And the seaond ore is to define the function as
fi(z) = 1/(1-9(z)) where g(z) is the normalized remaining
lifetime (or capacity) of the battery. This ensures that the
cost of forwarding packet istied in closely with the power
resources deployed in the network. The dgorithm worksin
the way which minimizes the sum of f(x) for nodes on the
desired path. The aithors suggest that this metric may not
be used for routing at al times. They propose to use
shortest-hop routing while energy resources are higher
than a cetain threshod. When they fal below the
threshold they suggest power-aware metric.

3 System model and Problem formulation

In this section, we present the system model and an
overview of our proposition.

We mnsider a network consisting of N nodks randomly
deployed over a given area. We asaume that all nodes may
transmit at any power level P < Py All nodes that want
to take part in a catain sesson must have residual capadty
that is larger than 10% of maximal battery cgpadty.
Otherwise the node is considered to be logically dead for
the rest of the network. It cannct forward packets any
more, but it can recave padket form the network. A node
is physically dead when it has no battery. We also assume
that all nodes keep track of their residual capacity at al
times. Also, the following assumption is used in the
remaining part of the paper: if the “distance’ of link (i,j) is
denoted as D;, the “distance’ of a path that consists of N
nodes will be given by:

DP = Zl Do M

i<N

Most of agorithms proposed so far are either minimal
energy consumption per packet and thus have the role to
minimize the total power needed to route a traffic packet,
or cost-aware where the goal isto extend nodes worst case
lifetime. However, minimal energy consumption
algorithms do not take into account the residual capacity of
nodes, which decreases with time and decreases faster
when the traffic through the node is higher. Using minimal
energy consumption algorithm we may come to the point



when some paths are preferred to the others and nodes that
are found on those paths drain out all their energy very fast
and die within a short period of time. On the other hand,
when only cost-aware agorithm is used the main
consideration is to minimize the cost of routing, not taking
into account the power consumed during transmissions.

The solution that we propose consists of using the
agorithm that combines both energy consumption (G) and
cost-aware (C) metrics and it also adds the weight factors
for cost-aware (Wc) that depends on nodes residual
capacity. So, the “distance” from node i to node j, D;j, in
our proposition can be defined as

D;; =G(d) +W,(%)C(X ), where d is the distance

between node i and |, x; is the residual battery at node i.
Thus we encourage usage of paths that consist of nodes
that have residual capacity that is larger than some
predefined threshold. The goa of applying both energy
consumption and cost-aware algorithmsis to minimize the
total power needed and at same time to do the best to avoid
nodes with short battery lifetimes. We propose 4 different
battery residual capacity ranges in which cost weight
factor (W¢) changes:

battery power is in the range of 100%-80% of full battery
capacity and energy consumption part (G) is much more
important than cost-aware part (C). In this period there is
no need for using cost-aware metric since node has enough
energy to route every message;

battery power is in the range of 80%-50% of full battery
capacity, battery may be considered as mature. In this case
G and C should be in the same range and we need to adjust
the weight factor W so that G and C are comparable. In
this period most of nodes that are on preferred paths have
mature batteries and hence have need for using both power
and cost aware algorithms in order to prolong the lifetime
of the network and increase time to network partition by
assigning higher costs to paths that consist of nodes with
lower power.

battery power is in the range of 50%-10% of full battery
capacity and battery is considered to be old and G <<C. In
this case, nodes have low power reserves and thus the cost-
aware part has much higher weight than the power-aware,
which is nearly negligible in this case. This is aso
accomplished by using the appropriate weight factors that
give advantage to the cost-aware metric.

battery power is lower than 10% of full battery capacity
and battery is considered to be dead for the rest of the
network because it cannot forward any more messages.

4 Metric

In this section we define variables that are going to be used
in the simulations.

4.1 Minimal energy consumption metric

To define energy consumption part of the metric we first
need to define the function G. We define that P is the

estimated minimal power at which node j can successfully
receive the packet sent by node i. The function G is the
ratio between Py, plus a constant E and a standard power
level, P,. We define the function G as:

G, =(R +E)/R @

where E stands for the power used for packet processing
and reception. The interval of P; should be between Py,
which is defined by radio interface and Py, which is the
minimum power needed for the transmission. For
normalizing power, we use the value P, that could be ImwW
for example.

To get P;, we can use this procedure. Node i sends hello
message with full power Pn.. Its neighbor, node j,
receives this hello message and calculates the difference
between receive power level and the minimum power level
for correct reception, AP. Then nodej tellsnodei AP in its
hello message or other routing messages. So that node i
can estimate that P = P - AP.

4.2 Cost-aware metric

Here we discuss how to calculate cost of a node based on
residual battery capacity x=g(z), where g(z) is normalized
to bein theinterval [0,1]% Theaimisto have acost near to
zero when node' s battery is full and have a large value
when node' s battery isow. We define C, 3as:

C, =1/(x +0.001) 3)
4.3 Power-cost-awar e algorithm

There are two possible ways to combine power and cost
aware metrics, product or sum of two metrics. The sum is
more reasonable, where node cost and power consumption
are both looked as link weight and taken into account in
shortest path selection. Therefore the formula to calculate
the weight of link from nodei to nodej is:

D; =G; +W,(x)C @
5 Performance analyze

In this section, we implement power-cost-aware a gorithm
and analyze its performance by comparing with other 3
metrics (minimal energy consumption, cost-aware and
number of hop)

5.1 Simulation model

The radio interface of the ssimulations used characteristics
similar to Lucent' s WaveLAN with a nomina bitate of

2 The measured voltage of battery z; can be read directly.
Node can get residua capacity by using battery discharge
curve.

3 Adding 0.001 into formula is to prevent C; become too
large when x; tends to zero



2Mb/sec and P = 281mW for a maximal radio range of
250 meters. The signal propagation model is same as that
in ns2 [1]. This model uses Friss free space attenuation
equation at near distances and an approximation to Two
ray Ground at far distance. We introduce a power control
mechanism, which permits a node to send a packet with Py
= L*RXThresh < P, Where L is signa attenuation at
distance d, RXThresh is the receive threshold at receiver.
which is defined in radio interface. Each node has a battery
budget. Transceiver and receiver consume 1mW for packet
processing. When a packet passes a node, the node sends
the packet to the next hop, and at the same time, it
decreases the energy used for forwarding this packet from
its battery budget. There are two unicast CBR (continuous
bit-rate) traffic. Sources generate 40 data packets of 512
bytes per second until the end of the simulation. So, the
lifetime of network reflects the throughput of the network.

In the simulations, we use random topology graph with 10
nodes to 100 nodes without network partition. The random
topology graphs are generated as follows. Firstly, we
randomly create a topology with 10 nodes distribute in
1000m* 1000m. Then, we arbitrarily add ten nodes to the
10-node graph to get a 20-node graph. Adding another 10
nodes into 20-node graph, we get 30-node graph.
Continuing this procedure, we create 100-node graph. This
treatment guarantees number of paths augment when
network becomes denser. Because in this paper we only
evaluate the performances of different metrics, we do not
account for mobility. The network is considered dead
when the topology is partitioned due to node' s deathThe
simulation stops as soon as the network is dead.

In the simulation, different metrics have effect only on the
weight of links between nodes. Nodes use distance vector
based on distributed Bellman-Ford agorithm as routing
protocol. The routing protocol is a little modified
according to section IV to help nodes estimate
transmission power consumption. We run simul ations for 4
agorithms;

e shortest-path agorithm (which use hop-number as
weight);

e minimize energy consumption algorithm (which use
transmission power as weight);

e cost-aware agorithm (which use cost as weight) and

e power-cost-aware agorithm (which use power-cost as
weight).

Assume that packet j traverses nodes ny, ..., N, wheren is
the source and ny the destination. Therefore, for shortest-
path algorithm, the path weight becomes: g = k-1;

For minima energy consumption agorithm, the path
weight becomes:

k-1 k-1

& =ZG = Z(P +E)/R, )

where P,=1mW and E=2mW. For cost-aware algorithm,
the path weight is:

k-1 k-1

ej = Cni =

1=1 1=1

Y(x, +0.001) ®)

And for power-cost-aware agorithm, we choose a linear
formulato calculate W,(x;) to redise the idea as described.
From equation(5), we can get 2 < G;; < 283. When there is
more than 80% of residual power (0.8 < x; < 1), we should
have W (x;)* C(x;) << 2, so that the algorithm behaves like
minimal energy consumption algorithm; when there is
more than 50% of residual power (0.5 < x; < 0.8), the value
of cost part of metric variesin the same interval as Gj;, that
is 2 < W (x)*C(x;) < 283. So we have 1.6 < W(x)) <
141.5. When the residua power fall below 50% (x; < 0.5)
the algorithm switches to cost-aware. The formulais:

[B75—466* X . <0.8
W,(%)= [ o G
[l 005 x =0.8
The path weight in power-cost-aware metric becomes:
k-1
e=>C, +G ®

NNy
1=1

Two key performance metrics were eval uated:

(i) Network life time - the time when no route could be
found for one of two source-destination pairs, that also
means the network was partitioned because of node' s
death;

(ii) First node death time - the moment when the first node
used out of its power budget.

5.2 Simulation Results

For the network lifetime, the figure 1 shows that minimal
energy consumption and power-cost-aware algorithms
have almost the same performance in small networks. As
the network size grows, the power-cost-aware agorithm
and the minima energy consumption agorithm
outperform other two algorithms. That is because minimal
energy consumption  algorithm  optimises energy
consumption in air interface per packet. Therefore a node
could forward more packets than that of cost-aware and
shortest path algorithm. The power-cost-aware algorithm
has better performance than the minima energy
consumption agorithm. This may be explained with the
fact that two traffic flows intersect at central area. One
traffic has path could bypass the central area but with
higher total transmission power, while the other traffic
does not have. The minimal energy consumption algorithm
forces both traffic flows to use path going through centra
area, which results in the network partition. In power-cost-
aware agorithm, traffic is switched to other path to bypass
the central area before overusing nodes. Hence both two
traffic flows can last longer than that in the minimal
energy consumption a gorithm.
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The figure 2 shows the comparison of the first node death
time. The results show that while the network is sparse, the
performance of al 4 algorithms is about the same because
there are not many paths to be chosen from. When the
network density grows, the power-cost-aware algorithm
will outperform the cost aware algorithm. The minima
energy consumption algorithm and the shortest path
agorithm behave far worse than other algorithms because
these two agorithms continue to use same set of nodes
until battery power of one of those nodes falls below the
threshold. The minima energy consumption algorithm
saves power for transmission so its performance is better
than that of the shortest path algorithm. The more paths
between sources-destination pairs, the better performance
the cost-aware metric can give. The minimal energy
consumption part of power-cost-aware metric can improve
the performance of cost-aware part by augmenting the
throughput of a node. So, the power-cost-aware algorithm
gives the best performance among four algorithms.

The power-cost-aware algorithm takes the advantages of
the cost-aware and the minimal energy consumption
algorithms. When nodes have nearly the same residua
battery power, this metric gives the smallest transmission

power path to increase throughput of nodes. While the
difference of remaining power level of nodes becomes
significant, this metric tries to switch traffic to another
path in order to avoid overuse of certain nodes. That' swhy
power-cost-aware algorithm has the best performance in
two criteria.

6 Conclusions

In this paper we have proposed a new metric, power-cost-
aware metric, to maximize the lifetime of mobile ad hoc
network and mobile nodes especially in central area. The
traditional metrics such as hop-count, minimal energy
consumption and cost-aware do not consider the lifetime
of network and mobile nodes at same time. We believeitis
important to switch between point of view of network and
point of view of node level so that the throughput of
network can be improved and nodes will be fairly used.
Consequently, the lifetimes of both network and nodes can
be prolonged. The performance results demonstrated that
the proposed power-cost-aware metric outperforms both
power and cost aware metrics as the network becomes
larger.

References

[1] Kevin Fal and Kannan Varadhan, editors. ns notes
and documentation. The VINT project, UC
Berkeley, Feb. 2000. Available from http://www-
mash.cs.berkely.edu/ns.

[2] W.R. Heinzelman, A. Chandrakasan, and H.
Balakrishnan. Energy-efficient routing protocols for
wireless microsensor networks. In Hawaii Int. Conf.
on System Sciences, Jan. 2000.

[3] V. Rodoplu and T. H. Meng. Minimum energy
mobile wireless networks. |EEE Journal on Selected
Areas in Communications, 17(8):1333{ 1344, Aug.
1999.

[4] S Singh, M. Woo, and C.S. Raghavendra. Power-
aware routing in mobile ad hoc networks. In
MOBICOM 98, pages 181{190, Dallas, TX, Oct.
1998.

[5] I. Stojmenovic and X. Lin. Power-aware localized
routing in wireless networks. IEEE International
Parallel and Distributed Processing Symposium,
12(11):1122-1133, Nov. 2001.



