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Abstract

Power-aware routing algorithms aim to extend the lifetime of a wireless network
by avoiding to route over nodes that are close to being depleted of energy. Previous
work in such algorithms often require each node in the network to be aware of the
topology of the entire network.

In this paper we investigate power-aware routing in Bluetooth networks. Routing
in a Bluetooth network involves creating a scatternet structure in order to facilitate
the communication between nodes in different piconets. We propose a new routing
algorithm that does not require each node to have any knowledge of the network
except for its neighbors. This is done by collecting information regarding potential
routing paths in the routing messages themselves.

We also present a simplified version of the algorithm for general wireless networks,
which does not involve scatternet formation and therefore requires less communica-
tion overhead.

1 Introduction

A wireless ad-hoc network differs in many ways from traditional wired networks. In
an ad hoc network, there is no fixed infrastructure, and the nodes may not have
knowledge of the entire network topology. The topology might also be constantly
changing if the nodes are mobile. Also, nodes in a wireless network usually use
a battery as power source, and they will therefore only have a limited amount of
energy. As nodes run out of energy, the network will eventually become disconnected.
Therefore, when developing routing algorithms for wireless networks, it is imperative
to avoid routing over nodes that are close to becoming depleted of energy.

Routing in Bluetooth networks present more challenges than in general ad hoc
networks. For every communication between two Bluetooth devices, they must form
a master-slave relationship. Therefore, creating a path between two Bluetooth nodes
is not a trivial problem, especially if there are several simultaneous communications
in the networks that intersects each other.

In this paper, we propose a power-aware routing algorithm for ad hoc networks
in general and Bluetooth networks in particular. Previous work on power-aware
routing that we are aware of has either required each node to know the topology
of the entire network, or only used a very simple model to decide whether a path
is acceptable to use. In our algorithm, each node only needs to be aware of its
neighbors. Because information regarding potential routing paths is collected by
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and stored in in our routing messages, individual nodes can use that information in
order to select the best path in the network with only local knowledge.

The rest of the paper is structured as follows: Section 2 gives an introduction in
how nodes in a Bluetooth network communicate with each other, as well as some
of the major issues to consider. Section 3 provides a short survey of routing algo-
rithms for wireless ad hoc networks, with focus on energy-aware routing algorithms.
Section 4 presents a brief survey on different existing approaches to scatternet forma-
tion, including an energy-aware algorithm. We present our algorithm in Section 5.
In Section 6, we present a version of the algorithm for use in general ad hoc networks,
without the restrictions imposed by the Bluetooth specification.

2 Bluetooth networks

Whenever two Bluetooth devices communicate, one assumes the role as master, and
the other the role as slave. Together they form a piconet. Each piconet consists of
one master and an unlimited number of slaves, but there can only be 7 active slaves
at a time. If there are more than 7 slaves in a piconet, some of them must therefore
be parked. In order to communicate with a parked slave, the master has to unpark
it (and park another slave if it already has 7 active slaves). Keeping the number of
slaves in a piconet to no more than 7 ensures that all slaves can be active all the
time. This will reduce delays as well as communication overhead.

A collection of piconets is called a scatternet. In order to communicate between
piconets, nodes can be members of several piconets, even if they only can be members
of one piconet at a time. A node can have different roles in different piconets: it
can be slave in one piconet and master in another. A node that is a member of
two or more piconets is referred to as a bridge node. To switch from one piconet
to another, a node changes to the hopping frequency sequence of the other piconet.
Therefore, one important issue in scattenet formation is to minimize the necessary
piconet changes in order to reduce the delays.

3 Routing in ad hoc networks

In an ad hoc network, there is no fixed infrastructure that is responsible for the
routing. Instead, every node can function as a router, and must therefore be able to
make routing decisions based on its limited knowledge of the network.

Routing algorithms can be divided into two main groups: table-driven algo-
rithms, where every node maintains routing tables for the other nodes in the net-
work and tries to keep the information current, and on-demand algorithms, where
a node does not store any information, but instead has to discover the route every
time it needs to send a message. Examples of on-demand algorithms are the Ad hoc
On-demand Distance Vector Routing (AODV) protocol [33], and the Temporally
Ordered Routing Algorithm (TORA) protocol [32]. The AODV algorithm focuses
on finding the shortest path to the destination: the sender floods the network with
a route request, and any node that has a connection to the destination replies. The
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TORA algorithm, on the other hand, finds several possible paths to the destina-
tion: by building an acyclic directed graph, rooted at the destination, each node’s
outgoing links is divided into “upstream” and “downstream” links. This solution is
resilient to link failures in the network: as long as a node has at least one down-
stream link, it can still send messages to the destination, and there is no need to
recompute the DAG structure.

3.1 Energy-aware routing algorithms

Recently, there have been an increased interest in routing algorithms that take the
energy levels of the nodes into account. Nodes in wireless ad hoc networks typically
use batteries as their power source. These batteries often have a limited capacity,
which is depleted with every transmission. It is important to consider this when
designing routing protocols for ad hoc networks, something existing routing protocols
for wired networks usually do not do.

The CMAX algorithm [18] assigns weights to each link in the network. The
weight of a link (i, j) when sending the message k is defined as

wij = eij(λ
αi(k) − 1)

where eij is the energy consumed by sending a unit message over the link (i, j),
and αi(k) is the fraction of the energy of node i that has been used at the time when
message k is generated (referred to as the energy utilization of a node):

αi(k) = 1 − Ei(k)

Ei

(1)

λ is a parameter used to control how much the energy utilization of the nodes
influence the link weights. As can be seen, the weight of a link increases with the
energy needed to traverse it as well as with the energy already spent by the transmit-
ting node. The shortest path, with respect to link weights, is selected by the CMAX
algorithm. This algorithm requires that each node knows the energy utilization of
the other nodes in the network. In order to spread the power information through
the network, each node periodically broadcasts its power information to the nearest
nodes. This is referred to as the limited flooding approach. Using this method, a
node is likely to have better information of the power level of the nearest nodes.
This fact is used in the distributed version of the algorithm, D-CMAX: it uses a
hop-by-hop routing algorithm where each node computes the path to the destina-
tion according to the algorithm and forwards the message to the first node in that
path, which computes a new path. The process is repeated until the message finally
reaches its destination.

The max-min zPmin algorithm [22] finds paths that avoid nodes with a small
fraction of their battery power remaining. The goal is to find the path with the
maximal minimal fraction of remaining power after the message is transmitted. This
value, called the residual power fraction, is similar to the energy utilization described
above, and can be written as

1 − αi(k)
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using the same notation as in Equation (1).
However, the path must also not use more power that a constant factor z ≥ 1

of the smallest possible power consumption Pmin. This results in finding a path
that avoids using up the power of individual nodes, while still maintaining an upper
bound on the total power consumption of the path.

Both of the above algorithms require that each node has full knowledge of the
topology of the network, an assumption that is not realistic in larger networks.

Another approach is to extend existing on-demand algorithms in order to com-
pute energy-efficient paths. In Reference [28], the authors enhance the AODV pro-
tocol by adding energy information in the route request (RREQ) messages. In this
way, the destination node can decide on the path with the lowest energy cost, using
a timeout value in order to recieve several RREQ messages before deciding on a path
and generating a route reply (RREP) message. Simulations in the paper indicate
that the effective reliable throughput is significantly increased using the extended
AODV algorithm. Unlike the algorithm presented in this paper, the extended AODV
algorithm only considers total energy cost and estimated bit error rates in order to
select the path; it does not consider the amount of energy that remains in the nodes.

4 Scatternet formation

There are two main approaches for scatternet formation: the pro-active and the on-
demand, or reactive, approach. Pro-active algorithms are advantageous when data
transfer occur frequently, since the algorithm will produce a scatternet that covers
the entire network. However, if traffic is less frequent, creating and maintaining
all the Bluetooth connections can be considered to be a waste of energy. Instead,
on-demand algorithms only establish temporary connections when they are needed.

4.1 Proactive algorithms

One of the earlier proactive formation algorithms is described in Reference [45],
where a single root node initiates the construction of a Bluetree. The root node
assumes the role of master and selects all its neighbors as slaves, and the slaves
in turn assign themselves as masters in new piconets and searches for unassigned
neighbors to be their slaves. This procedure is repeated until the entire network is
covered by the bluetree. A distributed version of the algorithm is also presented,
where several root nodes simultaneously initiate the protocol. This produces several
subtrees, or distributed bluetrees, that are then connected in order to produce one
connected scatternet covering the entire network.

In [23] the authors use location information in order to produce a planar sub-
graph, which can improve the performance of routing algorithms. This optional step
is followed by assigning roles to the bluetooth nodes, a process that takes several
iterations. In each iteration, every node that has higher degree than any undecided
neighbors assigns itself to be a master, and chooses no more than 7 neighbors as
slaves by applying the Yao structure [44] to all its neighbors. The Yao structure, or
Yao graph, is constructed by having each node dividing its neighborhood into several
cones of equal radius. For each cone, a directed link is formed to the closest node
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in that cone. Using the Yao structure limits the number of slaves in each piconet
while still maintaining connectivity, but it also means that the nodes need to know
their exact location in order to run the algorithm.

The BlueNet formation algorithm [41] aims to create a scatternet with an upper
bound of the number of slaves in each piconet, while at the same time avoiding the
bottlenecks that can occur in a tree-based scatternet structure. The maximum traffic
flow metric (MTF), a measure of all possible maximum multi-commodity flows in
the network, is used to evaluate the scatternets produced by the algorithm.

4.2 On-demand algorithms

In Reference [20], a hybrid solution is presented. A control scatternet is constructed
in the first phase to support topology changes and route determination, while an
on-demand scatternet is created whenever data communication is needed. The idea
is that the underlying control scatternet will facilitate path discovery, while not
consume too much energy itself. When constructing the control scatternet, there is
no limitation on the number of slaves in each piconet since reducing the number of
piconets is seen as more important than reducing communication latency.

Another on-demand algorithm is specified in [25]. In order to create the scat-
ternet, the authors uses the single role approach: instead of using nodes that are
slaves in one piconet and masters in another, communication between piconets are
achieved by nodes that are slaves in several networks in order to reduce the number
of piconets and indirectly the communication delay as well.

The On-Demand BlueTooth scatternet formation algorithm (ODBT) [31] con-
structs a scatternet with a tree topology, starting with one root node. When a
connection that is included in the tree is lost, the entire disconnected subtree is
flushed, so that all nodes in that subtree can rejoin the tree. Note that this algo-
rithm creates a scatternet that connects all the nodes in the network, regardless of
which nodes that are trying to communicate.

4.3 Energy-aware Routing in Scatternets

Recently, there has been work that aims to extend the lifetime of scatternets by
considering the amount of power remaining for each node, such as in [46]: when a
node wants to initiate a communication, it sends out a route request to the desti-
nation (the sink node) by flooding the network. When the destination recieves the
request, it responds with a route reply. To form the temporary scatternet between
the source and the destination, the destination sets its role to master, and for the
rest of the nodes in the path every other node is a master while the other nodes are
slaves in two different piconets. Unlike the algorithms described in Section 2, no
node needs to know about the topology of the entire network using this approach.
The nodes make their decisions based on the information they receive in request and
reply messages.

In order to avoid routing over nodes with a low amount of energy left, a node
stops forwarding route requests for other sensor nodes when its residual current CR

falls below the value
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[
CB − TActive

2 ∗ Tslot

∗ (CMaxTx + CMaxRx)

]
α

where CB represents the battery current, Tactive the device active time, Tslot

the Bluetooth slot time, and CMaxTx and CMaxRx the maximum transmission and
reception current, respectively. α is a constant, no smaller than 1, that decides the
amount of traffic balancing. If α = 1, CR will never fall below the above value,
and no traffic balancing takes place. The larger α is, the more traffic balancing
takes place. This approach has a relatively simple mechanism to avoid low-powered
nodes: either a node has enough energy to forward a message, or it has not. There
is no way to tell if one path is advantageous to another as long as all the nodes in
both paths are still forwarding messages. Another approach would be to introduce
a metric to evaluate how “good” a given path is with respect to power consumption.
Nodes could then choose between a number of alternative path in order to find the
“best” one. We will explore this idea further in the next section.

5 Proposed algorithm

With this paper, we propose a scatternet formation and on-demand routing algo-
rithm which creates a local, temporary scatternet that forms a path between the
sending and recieving node for the duration of the data transfer. In order for the
nodes to be able to communicate between each other, there must first exist an un-
derlying, permanent, scatternet that covers the entire network. This permanent
scatternet is needed for communication between nodes before the on-demand scat-
ternet is formed.

In this section, we will present an overview of the proposed algorithm. Detailed
information about the algorithm will be presented in the following subsections.

The basic idea of the routing algorithm is that when a node u needs to send data
to v, it starts by flooding the network with a route request. When v receives the first
route request message from u, it waits for a specified time period to receive other
copies of the same route request, all of which will have travelled through different
sequences of piconets. Route reply messages are sent back to u through every such
path. Node u then sends path request messages through all the discovered piconet
paths. The path request messages collects informations regarding the path they
travel in order for v to be able to choose the best path out of all the path requests
it receives. When v has chosen which path to use, it replies to u with a path reply
message using that path. The temporary scatternet is formed along the way, and
when u receives the reply it can initiate the data transfer itself.

We do not require the nodes to have any geographical location information,
since it is not realistic to assume that all Bluetooth nodes have GPS or similar
functionality. A node must only be aware of its neighbors, including the energy cost
to send to every neighbor, but it does not need to know anything of the topology in
the rest of the network.
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5.1 Metrics

As we have seen, it is the recieving node that must choose which path to use for the
data transfer from a set of available paths. In order to do that, it is first necessary
to come up with a way to assign a numerical value to each path, representing how
desirable it is to use in terms of the energy depletion in the nodes in that path.
The tradeoff is that a more detailed metric gives a more realistic picture of a path’s
properties, but such a solution does not scale well as the length of the paths increases.

When evaluating the “quality” of a path (with respect to the energy levels in
the nodes), the following definitions will be used: we define the potential remaining
power of every link (i, j) in the path as rpij = pi − e(m)ij , where pi is the power
level at node i, and e(m)ij is the power needed to send the message m directly from
i to j. Note that the power level pi of a node is not necessarily the same as the
actual current power level, since some of the current power may be reserved for
future transmissions. How the power level is estimated is explained in more detail
in Section 5.2.4. For the path P = (l1, l2, ..., ln), where (l1, ..., ln) represents the links
in the path, the metric that represents the minimum potential remaining power for
P is defined as

Min(P ) = min rpl|∀(l) ∈ P

Another important factor is the amount of energy needed to send the message
m over the path P : spending too much energy trying to route around nodes with
little remaining energy will also lead to premature depletion of individual nodes.
The metric that represents the energy consumption of the path P is defined as:

Pow(P ) =
n∑

i=1

e(m)li

5.2 Routing

5.2.1 Formation of underlying scatternet

The first step of the algorithm is to form an underlying scatternet that covers the
entire network. This can be done according to Reference [20]. The algorithm pro-
duced in that paper does not limit the number of slaves in a piconet to 7; instead,
its aim is to produce as few piconets as possible. This is desirable in our case, since
it somewhat simplifies the routing between piconets if the piconet structure is as
simple as possible. Also, fewer piconets means that the amount of nodes switching
between different piconets will be reduced.

During the formation of the scatternet, each node collects information about its
neighbors. When the scatternet has been formed, each node knows the energy cost
to send a message to each of its neighbors, and it also knows what piconet each
neighbor belongs to, even if the node and the neighbor are not connected in the
scatternet. Each master node knows of all the piconets that connects to its own
piconet, as well as the identity of all the slave nodes in its piconet.
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5.2.2 Route request

The routing algorithm we propose have similarities to the AODV algorithm. In
AODV, the sender finds the path to the destination by broadcasting a route request
message through the network. When the destination receives the first route request
message, it sends a route reply message along the same path that the request message
has travelled. Since only one route request message needs to reach the destination,
intermediate nodes only has to forward the first copy of the route request message
they encounter.

One similarity to TORA is that our algorithm as well considers several possible
paths from the source to destination, even if our algorithm explicitly chooses one
path to be used for the actual transmission. When using TORA, each node can
have several possible “downstream” links that all can be used to send a message to
the destination node.

In our version of the algorithm, we have to consider the piconet structure of the
network. The first step is to find a number of sender-receiver paths on the piconet
level, which is done by the sender broadcasting a route request and receiving route
replies.

The sending node broadcast a route request (RREQ) message over the control
scatternet. If the sending node is a slave, it only sends the RREQ message to its
master. When the master has received the RREQ, it sends a copy of the RREQ to
all the neighboring piconets. If the sending node was the master, it sends the RREQ
to all neighboring piconets directly.

When the RREQ arrives in another piconet, it is forwarded to the master. The
master records where the RREQ came from, and forwards the message to all other
piconets. If a piconet receives several copies of the same RREQ message, it is only
necessary to forward the first message, however the master records all the piconets
that it has recieved the RREQ from. This reduces the total number of messages
sent, which reduces the energy consumption.

The RREQ messages have a limited lifetime, in terms of number of hops, in order
to limit the amount of forwarding.

5.2.3 Route reply

When a RREQ message reaches the destination piconet, the master node in that
piconet forwards the message to the destination node. In order to receive several
possible paths, the destination node waits for a specified time period trreq in order
to receive several route request messages, that all have travelled unique paths.

Then, the destination node replies with a route reply message (RREP) to all
the piconets it recieved a RREQ from. As with the route request messages, the
route reply messages is forwarded using the control scatternet. The purpose of the
route reply is to inform the sending node of all discovered piconet paths between
the sender and the receiver.

If a piconet between the sender and destination piconet recieved RREQs from
several piconets, it will forward the RREP it recieves to all those piconets.
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5.2.4 Path request

When the sender receives the first RREP, it waits for a specified time period trrep in
order to receive all the copies. Every RREP represents one unique piconet path from
the sender to the destination. The next step is to find the best paths, with respect
to the energy depletion on the included nodes, for each such piconet sequence. To
do that, it is necessary to include the path metrics in the messages.

The sending node broadcasts a path request message (PREQ) in order to find
the best paths. Included in the message are the two metrics described in Section 5.1.
The path request message is identified by the sending node’s id nid and the sequence
number SeqNum of the message. All copies of the same path request have the
same sequence number: the first PREQ a node broadcasts has sequence number
0, th next has sequence number 1, and so on. In order to update the metrics,
it is necessary to know the size of the message m that is to be sent. Therefore,
a PREQ that represents the path P from node n can be written as a quintuple
(nid, SeqNum, Min(P ), P ow(P ), |m|).

One path request message is sent along every piconet-to-piconet path. Along the
way, the master node in each piconet is responsible for the forwarding of the path
request message. We assume that the master node in a piconet knows about the
current energy level of all the nodes in its piconet, as well as the energy cost to send
between any node pair in the piconet. The master node updates the metrics in the
PREQ message in order to reflect the path it represents before it is forwarded to the
next piconet.

The PREQ message that reaches a piconet represents a specific path from the
sending node n to one specific node marr, that is a member of the piconet in question.
The task for the master node in that piconet is to find the best path which goes from
node marr to any node in the piconet that is a bridge node to the next piconet in the
sequence. However, it is also possible that a node in the piconet has a neighbor that
is a member of a piconet further ahead in the piconet sequence. This means that it
is possible to find a path that skips some of the piconets in the sequence. Thus, one
piconet sequence can produce several potential paths, and correspondingly several
path request messages, each one representing one of those paths.

Even though the PREQ message might not travel along the path it represents, the
nodes included in that path must be informed that they are members of a proposed
routing path. This has to do with how a node calculate its power level.

There are two ways for a node that has been included in a proposed path to
calculate its power level: assume that it will be included in the eventual path, or
assume that it will not. If it assumes that it will be included, it reports its power level
as the current power level minus the amount of energy needed to forward the data
to the next node in the path. This “pessimistic” approach guarantees that no node
is accidentally drained of energy, but it might also lead to erroneous assumptions
if the traffic density is low. In the other, “optimistic”, approach, the node always
report its power level to be the same as its current power level. This way, if a node
is simultaneously included in several paths before data transmission has begun in
any of the paths, it could be drained of energy before all data has been forwarded.

If the node, after being included in a proposed path, does not receive a path
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reply for a specified time period tprop, it assumes that it was not chosen and adjusts
its power level accordingly.

5.2.5 Path reply

When the destination node v receives the first path request, it waits the specified
time period tpreq in order to receive information about alternative paths. The set of
paths for v to choose from is written as S. Then, v chooses the best paths based on
the metrics presented in Section 5.1.

The basic idea is to avoid nodes which would be drained of power if they were
to forward the data message. In order to achieve that, we define a threshold value
rpthreshold so that all paths P ∈ S such that Min(P ) < rpthreshold are removed from
S. Of the remaining paths in S, the path P with the lowest Pow(P ) is chosen by v.

Since all nodes in the network will slowly be drained by energy as messages
are being sent, we cannot have a static threshold value as it would not reflect the
current power situation in the network. Instead, the information stored in the PREQ
messages is used to calculate the threshold value: it is defined as the median of
Min(P ) for all paths in S.

The receiving node sends a path reply message (PREP) back to the sender, and
the chosen path is built as the PREP travels through the network. The PREP mes-
sage is sent over the control scatternet, and will therefore pass through the masters
in every piconet it enters. The masters are responsible for assigning master/slave
roles to the nodes that are included in the selected path. When the PREP message
reaches the sending node, the temporary scatternet is completed and the transmis-
sion of the data message itself can commence.

6 Power-aware routing in general ad hoc networks

The algorithm described above can be adapted for general ad hoc networks. Since we
no longer are bound to follow the Bluetooth specifications, we only need one round
of communication: a route request message from the sending node, that arrives in
several copies at the destination. The destination node then selects the best path
and sends a route reply message along that path. Also, we do not need to create an
underlying network to facilitate communication between nodes.

6.1 Route request

The sending node floods the network with a route request message in order to find
paths to the destination node. The route request in the general version of our
algorithm is similar to the PREQ described previously, in that the metrics that
represents the path are stored in the message. Unlike in a scatternet, there is no
restriction on the inter-node communication, so we can transmit messages directly
between any node pair that is within communication distance of each other. Rather
than finding paths on a piconet-level, we find paths on the individual node-level.

When the RREQ is forwarded, the two metrics stored in the message are updated.
When the node i forwards the message to node j, Pow(P ) is increased with e(m)ij ,
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and if rpij is smaller than Min(P ), Min(P ) is replaced with rpij.
For every initiated route request, a node can receive several copies of the same

RREQ message. In order to reduce the number of RREQ messages in the system
(and thereby reducing the power consumption), we do not want to forward messages
where the included metrics are worse than on previous RREQ messages that we have
already forwarded. All copies of the same RREQ message have the same sender ID
and sequence number. Therefore, if a node receives another RREQ with the same
pair (nid, SeqNum) as a previous RREQ it has received, the node knows that the
two messages are copies.

For all such unique pairs a node encounters, it stores the lowest Min(P ) and
Pow(P ) it has seen on the RREQ messages it has forwarded. When the node
recieves another copy of the same RREQ, it compares the metrics included in that
message with the two metrics it has stored. If neither metric in the new message is
better than the stored metrics, the message is not forwarded. If one or both metrics
are better, the node forwards the message and updates its stored metrics.

If the node has not stored any metrics for that specific node ID and sequence
number, the RREQ is the first one that the node has received. In that case, the
message is always forwarded.

A node calculates its reported power level in the same way as described in Sec-
tion 5.2.4.

6.2 Route reply

When the destination node recieves the first route request message, it waits for a
specified time period in order to recieve other copies of the message that has travelled
alternative paths. It then chooses the best path in the same way as previously
described, and sends a route reply message back to the sending node along the
chosen path. Unlike in the scatternet, the route request message can travel along
the chosen path back to the sender, and inform all nodes included in the path that
they were chosen.

7 Discussion

Several timeout periods are discussed in this paper, but their exact sizes are not
determined here. We believe that they depend on other parameters such as the
diameter of the network, which influence the expected distance between the sending
and the receiving node.

The algorithm described here will require substantial traffic overhead compared
to an algorithm that does not take the power values of the nodes into account. The
increased energy consumption due to the routing messages will reduce the lifetime
of the network, but this is is expected to be outweighed by distributing the data
traffic as evenly as possible among all nodes in the network. This is based on the
assumption that the amount of data traffic in the application will be much larger
than the traffic amount used by the routing algorithm itself.
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