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Abstract. This paper describes the results of the first ns2-based comparative performance evaluation among four major solutions presented
in the literature for forming multi-hop networks of Bluetooth devices (scatternet formation). The four protocols considered in this paper
are BlueTrees [1], BlueStars [2], BlueNet [3] and the protocol presented in [4] which proposes geometric techniques for topology reduction
combined with cluster-based scatternet formation. We implemented the operations of the four protocols from device discovery to scatternet
formation. By means of a thorough performance evaluation we have identified protocol parameters and Bluetooth technology features that
affect the duration of the formation process and the properties of the produced scatternet. We have investigated how possible modifications of
the BT technology (e.g., backoff duration, possibility for a BT inquirer to identify itself) make device discovery more efficient for scatternet
formation in multi-hop networks. We have then discussed implementation concerns for each of the selected protocols. Finally, we have
analyzed the protocols overhead as well as the effect of the different protocols operations on key metrics of the generated scatternets, which
includes the time needed for forming a scatternet, the number of its piconets, the number of slaves per piconet, the number of roles assumed
by each node and the scatternet route lengths.
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1. Introduction

The Bluetooth (BT) technology, as described in the Specifi-
cations of the Bluetooth System Version 1.1 [5], is expected
to be one of the most promising enabling technologies for
ad hoc networks and pervasive computing. Originally intro-
duced as short-range cable replacement, the BT specifications
define ways for which each BT device can set up multiple
connections with neighboring devices so that communication
can be established in a multi-hop fashion. Therefore, Blue-
tooth devices spread in a geographic area can provide the
missing wireless extension to the various heterogeneous net-
work infrastructures, allowing a more pervasive wireless ac-
cess.

This paper addresses the fundamental problem of scatter-
net formation, i.e., the problem of the self organization of BT
devices into a multi-hop network. In particular, this paper de-
scribes and compares the performance of four among the most
promising solutions proposed so far to this problem. Beyond
providing the first performance comparison among available
solutions, this paper also provides insights on the Bluetooth
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technology and on some limitations of the current specifica-
tions with respect to scatternet formation.

According to the current BT specifications, the way in
which BT allows multi-hop communication is summarized as
follows. When two BT nodes that are into each others com-
munication range want to set up a communication link, one
of them must assume the role of master of the communica-
tion while the other becomes its slave. This simple “one-hop”
network is called a piconet and may include several slaves no
more than 7 of which can be actively communicating with the
master at the same time. If a master has more than 7 slaves,
some slaves have to be parked. To communicate with a parked
slave a master has to unpark it, while possibly parking another
slave.

The specifications allow each node to assume multiple
roles. A node can be a master in one piconet and a slave in one
or more other piconets, or a slave in multiple piconets. De-
vices with multiple roles act as gateways to adjacent piconets
thus forming a multi-hop ad hoc network called a scatternet.

Figure 1(a) shows the case where 13 BT devices have been
divided into four piconets (A, B, C and D). Masters are rep-
resented by pentagons (surrounded by a large circle that rep-
resents their transmission radius), while slaves are depicted
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Figure 1. (a) Four disjoint piconets, and (b) the corresponding scatternet with
five piconets.

as small circles. Adjacent piconets can be interconnected in
different ways. Piconets A and B depict the master–master
case, when two masters are neighbors and interconnection is
achieved by having one of the two masters joining the piconet
of the other as slave (in the figure, node 2 became the slave
of node 1). Two piconets can be joined by a common slave,
termed a gateway slave. This is the case of piconets B and C
which are joined by node 5. The third case is when piconets
are interconnected through a pair of neighboring slaves, called
in the following intermediate gateways, as in the case of pi-
conets C and D, joined by nodes 6 and 7. In the latter case,
interconnection requires that one of the two intermediate gate-
ways becomes the master of a new piconet that includes the
other intermediate gateway as slave (in the figure, node 7 be-
comes the master of the extra piconet). With the creation of
piconet E, the five piconets of figure 1(b) form a connected
scatternet.

A first broader classification of the solutions proposed so
far in the literature distinguishes between scatternet formation
protocols that require the radio vicinity of all nodes (single-
hop topologies) and protocols that work in the more general
multi-hop scenario. All the solutions are localized, in the
sense that the protocols are executed at each node with the
sole knowledge of its immediate neighbors (nodes in its trans-
mission range).

Solutions of the first kind are presented in [6], [7] and [8].
The solution proposed in [6] is based on a leader election
process to collect topology information at the leader. Then,
a centralized algorithm is run at the leader to assign the roles
to the network nodes. In order to achieve desirable scatter-
net properties, the centralized scheme executed by the leader
requires that the number of network nodes is � 36. When
n > 36 other centralized schemes could be used such as the

one proposed in [9] and [10]. The protocols presented in [7]
and [8] run over single-hop topologies with no limitations
on the number of nodes. However, the resulting scatternet
is a tree, which limits efficiency and robustness. Given the
restrictive assumption that characterizes these solutions, and
the impossibility of fair comparison between single-hop and
multi-hop protocols, we have not considered this first kind
of solutions in the performance comparison described in this
paper.

Among the solutions that apply to the more general case
of multi-hop topologies, the scatternet formation protocol de-
scribed in [1] requires that the protocol is initiated by a desig-
nated node (the blueroot) and generates a tree-like scatternet.
The blueroot starts the formation procedure by acquiring as
slaves its one hop neighbors. These, in turn, start contacting
their own neighbors (those nodes that are two hops from the
root) trying to acquire them as their slaves and so on, in a
“wave expansion” fashion, till the whole tree is constructed.
The obtained scatternet has piconets with an unbounded num-
ber of slaves. A procedure based on geometric properties
of networks of devices scattered in the plane is described to
re-configure the tree so that each master has no more than
seven slaves. This allows the master to avoid the time and
bandwidth consuming operation of parking and unparking of
slaves.

To the best of the authors’ knowledge, the only presented
solutions for scatternet formation in multi-hop BT networks
that produce topologies different from a tree are those intro-
duced in [4], [2], [3] and [11].

The main aim of the protocol proposed in [4] is to build up
a connected scatternet in which each piconet has no more than
7 slaves. To this purpose, degree reduction techniques are
initially applied to the network topology graph to reduce the
number of wireless links at each node to less than 7 without
affecting the connectivity of the resulting topology. A scat-
ternet formation protocol (which is left unspecified) is then
executed on the resulting topology. These techniques require
each node to be equipped with additional hardware that pro-
vides to the node its current (geographic) location (e.g., a GPS
receiver). Beyond being potentially expensive, this solution is
not feasible when such extra hardware is not available.

The protocol described in [2], termed BlueStars, forms
connected scatternets without using any extra hardware. Re-
lying on the sole knowledge of a node’s one-hop neighbors,
BlueStars selects the piconets’ masters based on how “fit” a
node is to serve as a master. Once piconets are formed, gate-
way nodes are selected so that there is an inter-piconet route
between all masters that are at most tree hops away (i.e., all
adjacent piconets are interconnected). This condition ensures
the connectivity of the BlueStars scatternet [12]. However,
BlueStars may produce scatternets whose piconets have more
than 7 slaves. Whenever positioning information is available
at the nodes, BlueStars can be combined with the protocols
described in [4] to form scatternets in which each piconet has
no more than 7 slaves.

The scatternet formation scheme proposed in [3], BlueNet,
produces a scatternet whose piconets have a bounded num-
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ber of slaves. After an (unspecified) device discovery phase,
some of the nodes enter either page or page scan randomly.
Nodes in page mode will be masters and try to invite a
bounded number of neighbors to join their piconets as slaves.
Nodes that are unable to acquire slaves or to join a piconet
within a given amount of time re-execute this process. This
provides a statistical guarantee that either a node becomes a
member of a piconet (being either the master or a slave of the
piconet) or it is isolated (i.e., all its neighbors made a decision
on their role but none of its neighboring masters invited it in
its piconet). Isolated nodes become masters and try to con-
nect to some already formed piconets. Finally, the master of
each piconet instructs its slaves to set outgoing links to neigh-
boring piconets to form a scatternet. The connectivity of the
resulting scatternet is not guaranteed (i.e., not all the BlueNets
are connected, even when the initial topologies are).

Recently, a new protocol that produces connected scatter-
nets with no more than 7 slaves per piconet have been in-
troduced in [11], termed BlueMesh. Differently from [4],
no location information is needed. In order to form a con-
nected scatternet, the protocol proceeds in successive itera-
tions through which connectivity is achieved progressively.
In each iteration, the selection of the slaves is performed in
such a way that if a master has more than seven neighbors, it
chooses seven slaves among them so that via them it can reach
all the others. Once masters and slaves are selected, gateways
are chosen to join adjacent piconets. Intermediate gateways
proceed onto the following iteration to be interconnected, and
the whole process is repeated until a connected scatternet is
formed.

All the mentioned solutions refer to the problem of set-
ting up scatternets from a set of nodes spread in a geographic
area. The problem of maintaining scatternets in presence of
dynamic addition/removal of nodes, and of nodes mobility
has just started to be addressed for multi-hop topologies and
it is not addressed in this paper. (A first solution providing
a preliminary account on how to deal with changing network
topology has been recently presented in [13].)

In this paper we compare the performance of four scatter-
net formation protocols for multi-hop topologies among those
outlined above, namely, BlueTrees, BlueNet, BlueStars and
the protocol presented in [4] which makes use of location in-
formation. Among the several geometric construction tech-
niques proposed in [4], here we implement the one that the
authors of [4] consider the most promising for forming scat-
ternets with desirable properties, namely, the Yao construc-
tion based on the geometric methods presented in [14]. In [4]
Stojmenovic and Li suggest that the Yao construction should
be combined with a clustering-based solution for the actual
scatternet formation. Therefore, we have combined the Yao
construction with BlueStars to obtain a protocol that forms
scatternets with a bounded number of slaves per piconet. We
have termed this protocol the Li–Stojmenovic/BlueStars, or
LSBS, protocol.

All operations of the chosen protocols require each node
to be aware of its neighbors. To this purpose, device discov-

ery has to be performed before the actual scatternet formation
process takes place.

A comparison of the four protocols has been performed by
means of ns2-based simulations [15] that investigate the im-
pact of device discovery on the performance of the protocols,
and compare the protocols with respect to key metrics consid-
ered crucial for scatternet formation. These metrics are: the
time needed for scatternet formation (including the phase of
device discovery); the average number of piconets; the num-
ber of slaves per piconet; the number of roles assigned to each
node, the average length of the routes between any two BT
devices in the scatternet, and the overhead associated to the
scatternet formation process.

The paper is organized as follows. In the following section
we briefly describe the way we solve the problem of device
discovery, which is common to all solutions described and
compared in this paper. Section 3 describes the four proto-
cols and the problems we encountered in implementing them.
In section 4 we describe in details our simulation environment
and we evaluate and compare the performance of the four pro-
tocols with respect to the selected metrics of interest. Finally,
section 5 concludes the paper.

2. Device discovery in multi-hop bluetooth networks

The device discovery phase should lead each of the network
nodes to become aware of all the nodes within its transmission
range. This knowledge should be “symmetric”, which means
that if node v knows node u, u must also know v (this is an
assumption upon which all protocols for multi-hop scatternet
formation rely).

The mechanisms provided by the BT specifications for de-
vice discovery, i.e., the inquiry procedures, do not lead to the
needed symmetric neighbor knowledge: An inquirer that is
trying to discover neighboring nodes does not transmit its
unique BT identifier, thus remaining unknown to the node
that receives the inquiry packet. Furthermore, the BT dis-
covery mechanisms require nodes to be in opposite inquiry
modes (called inquiry and inquiry scan modes) in order to be
able to communicate. However, no method is described in
the specifications on how to (even statistically) guarantee that
two neighboring devices are in opposite modes. Therefore,
specifications compliant mechanisms must be defined to en-
sure that, for each pair of neighboring nodes v and u, they are
eventually in opposite modes and that, when node v discovers
node u, u is also made aware of v.

The only solution for device discovery in multi-hop net-
works proposed so far is derived by the mechanism first de-
scribed in [6] (see also [2] for a detailed description of device
discovery operations in a multi-hop scenario). Each device is
allowed to alternate between inquiry mode and inquiry scan
mode, remaining in each mode for a time selected randomly
and uniformly in a given time range. The whole process is
performed for a predefined device discovery time length. The
operations while in each of the two modes are those described
in the specifications.
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Figure 2. (a) The visibility graph of a BT network with 13 nodes, and
(b) a possible discovered BT topology.

When two nodes in opposite inquiry modes handshake,
they set up a temporary piconet that lasts only the time nec-
essary to exchange their ID and possibly other information
necessary for the following phases of the protocol. The for-
mation of temporary piconets and the exchange of informa-
tion achieve the required mutual (i.e., symmetric) knowledge.
Piconet formation is performed by executing the BT page
procedures. Specifically, the inquirer goes in page mode
and becomes the master, while the inquired node goes in
page scan mode, becoming a slave. As soon as the informa-
tion has been successfully communicated the piconet is dis-
rupted.

The effectiveness of the described mechanism in providing
the needed mutual knowledge to pairs of neighboring devices
relies on the idea that, by alternating between inquiry and in-
quiry scan mode and randomly selecting the length of each in-
quiry (inquiry scan) phase, there is high probability that any
pair of neighboring devices will be in opposite mode for a
sufficiently long time, thus allowing the devices to discover
each other. However, this process can be extremely time con-
suming [16]. As shown in section 4.2, we have observed that
in networks with high density, after 10 s of device discovery,
only a fraction of a node’s one-hop neighbors have been dis-
covered.1

1 The rate of discovered neighbors decreases with time due to the fact that
an increasing number of nodes which handshake have already discovered
each other. This de facto prevents to discover all the neighbors of a node in
a reasonable amount of time. In section 4.2 it is shown that by increasing
the time from 10 s to 20 s, only an increase in the fraction of discovered
neighbors from 67% to 88% is achieved at n = 110.

However, we have verified that we can keep device dis-
covery reasonably short while still obtaining that the resulting
discovered topologies are connected, which is the necessary
requirement for generating connected scatternets. The price
to pay is that in the discovered topology it is not guaranteed
that two nodes that are in each other transmission range dis-
cover each other. Given a set of BT nodes, we call visibil-
ity graph the network topology where there is a link between
any two nodes whose Euclidean distance is less than or equal
to the nodes transmission radius. (When the BT nodes are
scattered in the plane, as it is for the solutions compared in
this paper, these topologies are also often referred to as unit
disk graphs (UDGs) [17].) Figure 2(a) shows the visibility
graph network with 13 BT nodes. After the device discov-
ery not all nodes that are in communication range of each
other have been discovered. For instance, node 8 and node
13, although within communication range did not discover
each other while running the device discovery. A possible BT
topology resulting from the device discovery phase is shown
in figure 2(b).

As detailed in the next section, this can be a problem for
those protocols that use the assumption of complete neigh-
bor knowledge to form connected scatternets with a bounded
number of slaves per piconet.

3. Four scatternet formation protocols

We describe here the four protocols for scatternet formation
in multi-hop networks and the solutions to the problems we
encountered in implementing them. We start by describing
a simple protocol for exchanging information among neigh-
boring nodes throughout the network, which is needed in the
implementation of some of the selected protocols. In the pro-
tocol descriptions, the term neighbors refers to the nodes that
a node has discovered during the discovery phase.

3.1. The pecking protocol

The mechanism we use for information exchange among
neighboring nodes is the temporary set up of a piconet be-
tween every pair of neighboring nodes. For the formation of a
piconet to be possible, we have to guarantee that every pair of
neighboring nodes that need to set up a piconet among them
are in opposite page modes. This is obtained in the following
way, which makes use of a generic method to establish an or-
dering among the nodes according to their “weight”, i.e., ac-
cording to a number � 0 locally computed at each node. (For
the purpose of protocol description, here we can consider the
weight the node’s unique identifier.) A node v checks whether
it has the bigger weight among its neighbors N(v). If this is
the case, that node, called in the rest of the paper an init node,
executes the following procedure.

PECKORDERv

1 PAGEMODE

2 for each smaller u in N(v)

3 do PAGE(u, v)

4 EXIT
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An init node goes to page mode and starts paging all its neigh-
bors (which, by definition, are “smaller neighbors”, i.e., nodes
with a smaller weight) setting up temporary piconets with
each one of them. While the piconet is up, the nodes exchange
the information needed for the protocol operation. Then, the
piconet is disrupted.

A non-init node u executes the following procedure.

SUBNODEu

1 PAGESCANMODE

2 for each bigger v in N(u)

3 do WAITPAGE(u, v)

4 PECKORDER(u)

Node u goes to page scan mode and waits for a page from
all its neighbors with bigger weight (“bigger neighbors”).
As soon as node u has received information from the bigger
neighbors (i.e., it has been paged by all of them), it becomes
the “bottom of the pecking order”, i.e., being now the bigger
node among those with which it has to exchange the informa-
tion, it switches to page mode, and starts setting up temporary
piconets with all its smaller neighbors (if any).

3.2. BlueTrees

The scatternet formation protocol presented in [1] is the first
to solve this problem in a multi-hop topology. The protocol is
initiated by a designated node (the blueroot) and generates a
tree-like scatternet.

The blueroot starts the formation procedure by acquiring
as slaves its one hop neighbors. These, in turn, start paging
their own neighbors (those nodes that are at most two hops
from the root) and so on, in a “wave expansion” fashion, till
the whole tree is constructed. In order to limit the number of
slaves per piconet, it is observed that if a node in a unit disk
graph has more than five neighbors, then there are at least
two of them which are in each other transmission range. This
observation is used to re-configure the tree so that each master
node has no more than seven slaves. If a master v has more
than seven slaves, it selects two of them which are necessarily
in each other transmission range, and instructs one of the two
to be the master of the other, which is then disconnected from
v’s piconet. Such “branch reorganization” is carried through-
out the network leading to a scatternet where each piconet has
no more than seven slaves.

Beyond producing a tree-like topology, which limits the
robustness of the obtained scatternet, BlueTrees depends on
a selected node to start the formation procedure so that this
solution does not work in networks whose topology after the
discovery phase is not connected. The original paper does not
discuss the selection or the positioning of the blueroot.

We encountered the following two problems in implement-
ing BlueTrees.

In order to limit the number of slaves per piconet to � 7,
the protocol assumes that the topology resulting from the de-
vice discovery phase is such that, if two neighboring nodes
u and v have discovered each other and they both have a

common neighbor z, then either both discovered z or nei-
ther of them did. This property, which is necessary for a re-
configuration of the BlueTree into a scatternet with no more
than 7 slaves per piconet, cannot be guaranteed by the discov-
ery phase as described earlier.

Consider, for example, a star-like topology with 9 nodes
in which the central node v becomes master and chooses 7
among its 8 neighbors. Assume neighbor z is the one that
has been left out of v’s piconet. For the geometric property
mentioned above, at least one of v’s neighbors, say u, is in
the transmission range of z. If u and z did not discover each
other, chances are that the formed scatternet is not connected
(v cannot reach its neighbor z).

Therefore, for the protocol to correctly work we need to
perform extra operations to achieve a consistent knowledge
of each node’s neighborhood. We call these operations, which
aim at “bringing back” some links that were not discovered,
the replenish phase of the protocol. This phase can be imple-
mented in the following way.

At the end of a discovery phase all neighboring nodes that
have discovered each other exchange the list of the nodes they
just discovered. This list exchange can be performed by ex-
ecuting the pecking protocol as described above and leads to
the construction at each node v of a set Av of all nodes dis-
covered by v’s neighbors that v did not discover.

Once the list exchange is finished, node v starts contacting
the nodes in Av to see whether they are nodes within its trans-
mission range (i.e., undiscovered neighbors). To this purpose,
a node v alternates for a predefined amount of time between
page and page scan modes attempting to discover the nodes
in its Av . More specifically, when in page mode v attempts to
page one after another (round robin fashion) all the nodes in
Av . Each time two nodes u and v discover each other, they re-
move each other from their set Au and Av and exchange their
lists of neighbors. This may lead to new nodes for u and v to
be added to their sets Au and Av , i.e., to new nodes to page.
The length of this phase has to be carefully chosen so to dis-
cover all the nodes in Av that are actually in v’s transmission
range.

The second problem concerns the way the BlueTrees pro-
tocol has been defined. According to [1], once a node has
been acquired as a slave by a master, it becomes a master
itself, and starts contacting (i.e., paging) all its neighbors (ex-
cept its own master). Assume that a master v has acquired
two nodes u and z as slaves, and assume that u and z are
nodes that discovered each other during the discovery phase.
Then a deadlock situation may arise due to the fact that u

starts paging z and vice versa. To solve this problem we have
associated to the paging of neighboring devices a time-out. If
a discovered neighbor does not reply to a page within a cer-
tain amount of time, it is assumed that it is in page mode itself
and thus that it belongs to a piconet already.

3.3. BlueNet

The scatternet formation scheme proposed in [3], BlueNet,
produces a scatternet whose piconets have a bounded number
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k of slaves. The following description is based on [3] and on
personal communications with the authors.

After the device discovery phase, each node randomly
enters the page or the page scan mode with probability p0
(phase 0).

When a node succeeds in getting at least one slave, it
proceeds to phase 1 and tries to acquire up to k neighbor-
ing nodes as slaves. The nodes that are acquired as slaves
also proceed to phase 1 along with their master. Slaves that
move to phase 1 keep being in page scan mode. Masters that
move on to phase 1 perform the twofold task of (1) getting to
know neighboring masters and the masters of those neighbor-
ing slaves that affiliated with other piconets, and (2) finding
nodes in phase 0 that are in page scan and acquiring them as
slaves. To perform these tasks a master pages all its neigh-
bors in a round-robin fashion, and then decides whether to go
to page mode or page scan mode randomly with probability p.
By alternating in this way between page and page scan, every
master acquires up to k among its neighbors as slaves and gets
to know the needed information about the other neighbors.

If a node is unsuccessful in either acquiring at least a slave
or in being invited to join some other node’s piconet, it keeps
executing phase 0, deciding again whether to be in page mode
or page scan mode with probability p0, until it becomes aware
that all neighboring nodes are part of some other piconet.
(The fact that a node in phase 0 can actually contact all its
neighbors can be guaranteed only statistically.)

In case a node in phase 0 remains isolated it enters phase 2,
i.e., it goes to page mode and tries to interconnect to neighbor-
ing piconets by acquiring as slave one node from each such
piconets (up to k). After having accomplished this task, a
node in phase 2 exits the protocol.

A master in phase 1 that has contacted all its neighbors and
acquired at most k of them in its piconet, proceeds to phase 3,
the piconet interconnection phase. In this phase, the slaves of
the piconets formed in phase 1, by alternating between page
and page scan mode, attempt to set up links with neighboring
slaves of other phase 1 piconets as instructed by their mas-
ters. Masters select one of their slaves to go to page mode and
instruct all the other slaves to go to page scan mode. The se-
lected slave pages its neighbors in a round-robin fashion, each
for at most a given amount of time tpage. For each success-
ful page the slave asks the master whether the corresponding
link has to be set up or not. When all the attempts to pag-
ing the needed neighbors has been made, the master instructs
the slave to go to page scan mode and selects another slave
to go to page mode. When only one slave has remained with
some neighboring slaves to contact, this slave is instructed to
alternate between page and page scan mode in order to set up
the remaining links. The whole process terminates when all
needed links to adjacent piconets have been established.

The connectivity of the resulting scatternet is not guaran-
teed, i.e., not all the BlueNets are connected, even when the
topologies resulting from the discovery phase are. A simple
counter-example is depicted in figure 3.

Assume that nodes M1 and M2 discovered each other (dot-
ted line) and that they are the only two nodes that go to page

Figure 3. A disconnected BlueNet.

mode in phase 0. Assume also that they successfully invite
to join their piconet the 7 leftmost neighbors and the 7 right-
most neighbors, respectively. In this case, the nodes in both
piconets proceed to phase 3. However, there is no way to in-
terconnect the piconets either via intermediate gateways (no
slaves in piconet M1 are neighbors of any of the slaves in pi-
conet M2, and vice versa) or via interconnecting directly M1
and M2, since they have already 7 slaves each.

According to the description of the protocol [3], slaves in a
piconet must be prevented from establishing connections with
nodes belonging to their own piconet. Furthermore, multiple
interconnections between the same pair of adjacent piconets
have to be avoided. The former requirement is achieved by
having the master informing each of its slaves about the iden-
tity of any new slave joining the piconet. Our choice for per-
forming this is by using LMP packets from the master to its
slaves. For the master (slaves) to successfully transmit (re-
ceive) such packets, slaves that have joined a piconet enter
sniff mode, periodically stopping page, page scan activities
or connection activities and tuning on the piconet frequency
hopping sequence to listen to their master’s messages. (For
details on the BT LMP layer and sniff mode the reader is re-
ferred to [5].) In order to avoid multiple connections between
the same pair of piconets, every time a slave creates or joins a
temporary piconet with a slave of a different piconet, it con-
tacts its master to check whether a connection to this piconet
exists already [3]. If this is not the case, the master informs
its other slaves of the new inter-piconet connection in the first
upcoming sniff window.

BlueNet is described by the following example. We start
again from the network depicted in figure 2(b) as the network
resulting from the device discovery phase. (In this case, there
is no need for the replenish phase.) We assume that the num-
ber associated to each node represents its unique ID. In the
initial phase 0, nodes 6, 11, 17, 21 and 22 randomly decide
to start paging their neighbors. All other nodes go to page
scan. As soon as node 6 is successful in acquiring node 13 as
slave, it moves on to phase 1, along with node 13. The same
happens to node 11 and 30, that move to phase 1 (node 11
is the master and node 30 is its slave). Similarly, nodes 17
and 21 acquire nodes 36 and 20 as slaves, respectively. The
four nodes all proceed to phase 1. Node 6 enlarges its piconet
by acquiring nodes 7 and 25 as slaves, and node 8 joins the
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Figure 4. (a) BlueNet’s “original piconets”, and (b) the final BlueNet.

piconet of node 17. When node 22 succeeds in paging nodes
7, 13 and 30, it realizes that these nodes have already joined
some other piconet. Being an isolated master, node 22 moves
on to phase 2. Node 15 is waiting for a page from a neighbor-
ing node. Since no such page arrives, after a certain time it
randomly decides whether to keep staying in page scan mode
or to alternate to page mode. When it finally switches to page
mode and succeeds in contacting its two neighbors 20 and 36,
finding them already enslaved to some other masters, it moves
on to phase 2. Figure 4(a) shows the “original piconets” [3],
i.e., the piconets formed by the nodes in phase 1 and phase 2.

Nodes 15 and 22, which are in phase 2, page all their
neighbors in order to connect to adjacent piconets. Node 22,
for instance, pages its neighbors 7, 13 and 30, until it has con-
tacted them all. In communicating to node 30, node 22 asks
it to set up a link between piconet 22 and piconet 11. Node
30 relays this request to its master, node 11, which agrees to
share node 30 as gateway slave. Similarly, 22 makes the same
request to node 7, and node 6 agrees to share node 7 as gate-
way slave. When node 22 does the same with its neighbor
node 13, node 13 asks its master node 6 for the permission of
joining piconet 22, but in this case, node 6 does not agree to
share node 13 since piconet 6 is already interconnected to pi-
conet 22, and the protocol specifications demands no multiple
links between adjacent piconets. Similarly, node 15 enlarges
its piconet to include nodes 20 and 36 as slaves, thus estab-
lishing links to piconets 21 and 17, respectively. Nodes 15
and 22 exit the execution of the protocol at this time.

Once they have contacted all their neighbors, masters in
phase 1 proceed to phase 3, along with all their slaves. In this

phase adjacent piconets are interconnected via intermediate
gateways. Node 21 instructs its only slave, node 20, to alter-
nate between page and page scan in order to contact all slaves
of adjacent piconets. Node 36 and 20 will eventually set up
a link to interconnect piconets 17 and 21, respectively. In the
case depicted in figure 4(a), node 20 becomes the master of an
extra piconet including node 36 as slave. Piconet 25, which
also includes node 36 as slave, is similarly formed to inter-
connect piconets 6 and 17. Node 13 receives notice that node
36 has been linked to piconet 6 via node 25. Therefore, it
does not contact node 36. The resulting BlueNet is depicted
in figure 4(b) (the extra piconets are depicted as light gray
ovals).

3.4. BlueStars

The protocol presented in [2], BlueStars, proceeds from the
device discovery phase into the following two phases of pi-
conet formation and of the interconnection of the piconets
into a connected scatternet. Based on a locally and dynami-
cally computed weight (a number that expresses how suitable
that node is for becoming a master) and on the knowledge
of the weight of its neighbors (obtained during the discovery
phase) each node decides whether it is going to be a master
or a slave. This decision is taken at a node depending on the
decision of the bigger neighbors, and then communicated to
the smaller neighbors. The mechanism through which this
is implemented is similar to the pecking protocol described
above. In particular, a node that decides to be master is either
an init node or a node whose bigger neighbors decided all to
be slaves. A node that has been told (via paging) by one or
more of its bigger neighbors that they are masters, becomes
the slave of the first master who paged it. This phase of the
protocol leads to the partition of the topology resulting from
the discovery phase into piconets with one master and a num-
ber of slaves which is not necessarily bounded (if not by the
number of the neighbors of the master). Notice that no two
masters can be neighbors.

After this phase, each master proceeds to the the selec-
tion of gateway devices to connect multiple piconets so that
the resulting scatternet is connected. In order to achieve con-
nectivity it is necessary (and sufficient) that each master es-
tablishes a path with (i.e., chooses gateways to) all the mas-
ters that are two or three hops away [12]. More precisely,
masters are two hops away if they can be interconnected by
gateway slaves (this is the preferred way of interconnecting
adjacent piconets). Masters are three hops away, if they are
not two hops away and there is a pair of intermediate gate-
ways through which they can be joined. The knowledge
about which nodes are the masters two and three hops apart
is achieved during the piconet formation phase. Specifically,
each node v communicates its role (and possibly the identity
and weight of its master) to all its smaller neighbors and to the
bigger neighbors that are slaves. If a node is a slave, it waits
for the smaller neighbors to communicate the same informa-
tion. In this way, at the end of the piconet formation phase
each node is aware of all its neighbors ID, and of the ID and
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weight of their masters, which are the information needed in
the piconet interconnection phase.

The process of piconets interconnection is based again on a
mechanism similar to the pecking protocol, this time executed
only among the masters. The details of the rule adopted for
consistent gateway selection and for piconets interconnection,
as well as a detailed example of BlueStars operations, can be
found in [2].

3.5. LSBS protocol

The main aim of the Li–Stojmenovic/BlueStars protocol
(LSBS), obtained by combining the Yao construction pro-
posed in [4] and BlueStars, is to build up a connected scat-
ternet in which each piconet has no more than seven slaves.

The protocol assumes that each node knows its own iden-
tity, a dynamically computed weight that indicates how much
that node is suitable for serving as a master (as in BlueStars),
and its own location in the plane (usually provided by an on-
board GPS device, or by any suitable inertial positioning sys-
tem device). It is assumed that, as the outcome of the de-
vice discovery phase, a node also knows the identity of its
neighbors, their weight and their location. By using the peck-
ing protocol, the discovered devices also exchange informa-
tion about their neighbors (achieving two-hop neighborhood
knowledge).

In the description of the algorithm given in [4] it is as-
sumed that nodes are scattered in the plane and that the net-
work graph resulting from the device discovery phase is a
connected unit disk graph.

Given that the discovery phase does not produce an UDG,
in the simulation experiments that we performed, we run the
extra phase described for BlueTrees in order for this pro-
tocol to correctly work (replenish). Note that in this case,
since node v is aware of the location information of its two-
hop neighbors, only the nodes expectedly in v’s transmission
range need to be included in Av . This reduces consistently
the number of nodes to be paged compared to the number of
nodes to be paged by a node executing the replenish phase of
BlueTrees.

The knowledge of the location is then exploited for apply-
ing to the “replenished topology” geometric-based techniques
to reduce the degree of the network to at most k � 7. The
Yao construction is executed at each node v and proceeds as
follows. Node v divides the surrounding plane into k equal
angles. In each angle, node v chooses the closest neighbor u,
if any. (Ties are broken arbitrarily.)

A link between nodes v and u survives the Yao construc-
tion phase if and only if v has chosen u and vice versa. All
other links are deleted. To make such decision nodes need to
exchange with their neighbors the information on the nodes
they selected. This is performed by using again the peck-
ing protocol. Despite some links being deleted, the Yao con-
struction guarantees the connectivity of the resulting topology
[4,14].

Once a connected topology with such a bounded degree
has been obtained, the BlueStars algorithm for scatternet for-

Figure 5. The scatternet resulting from the LSBS protocol.

Table 1
The four protocols for multi-hop scatternet
formation and the properties of the resulting
scatternet.

Properties
Protocols 1 2 3 4 5

BlueTrees � �

BlueNet � � �

BlueStars � � � �

LSBS protocol � � � � �

mation outlined above uses the nodes’ weight for selecting
the masters, the slaves and the gateways necessary to form a
degree-bounded connected scatternet.

Let us consider again the network of figure 2(b) as the net-
work resulting from the device discovery and the replenish
phases. The only node with more than 7 neighbors is node
36. Therefore, it executes the Yao construction procedure to
discard one of its 8 neighbors. Assuming that nodes 20 and
21 fall in the same of the 7 angles in which node 36 has parti-
tioned the plane around itself, the result of the Yao construc-
tion phase is the cancellation of the link between node 21 and
node 36. The following execution of BlueStars over the Yao
topology leads to the same scatternet we would obtain with
BlueStars except for the fact that now node 36 and 21 are no
longer neighbors. Therefore, being node 21 the bigger in its
neighborhood, it becomes a master and acquires node 20 as
its slave. In the final piconet interconnection phase node 20 is
chosen as gateway slave between master 21 and master 36.

We conclude this section by summarizing, for each of the
four protocols compared in this paper, the desirable proper-
ties that the formed scatternet satisfies. These properties are:
(1) formation of connected scatternets; (2) ability of func-
tioning in disconnected networks; (3) formation of scatter-
nets with multiple routes; (4) formation of scatternets with
a bounded number of slaves per piconets; and (5) resource-
based (weight-based) master selection.

We notice that the fact that the LSBS protocol is a “five
stars” protocol relies on the fact the property 5 is brought in
by BlueStars, which implements the LSBS protocol phases
of piconet selection and interconnection. As explained, the
trade-off here is the need for extra hardware at each node (po-
sitioning devices).

All the considered protocols rely on a phase of device dis-
covery which precedes the phases of piconet connection and
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interconnection. BlueTrees, BlueStars and the LSBS proto-
col guarantee the connectivity of the produced scatternet, give
that the BT topology is connected (as proven in the corre-
sponding papers). As shown above, BlueNet does not provide
such deterministic guarantee.

4. Comparative performance evaluation

4.1. Simulation environment

To evaluate the performance of the four scatternet formation
protocols we have developed a Bluetooth extension to the
VINT project network simulator (“ns2”) [15]. We based our
extension on BlueHoc, the ns2-based simulator released by
IBM [18]. In particular, in order to implement the operations
of the solutions for device discovery and scatternet forma-
tion, we have enriched BlueHoc with mechanisms for (a) giv-
ing to each node the possibility to dynamically assume either
the role of master or the role of slave, (b) handling collisions
that might arise during the establishment of a link, (c) park-
ing/unparking slaves, (d) entering sniff and hold modes, and
(e) having a node alternating between inquiry and inquiry
scan. (These functions are not available in BlueHoc.) Our
simulator strictly follows all the specifications of the BT pro-
tocol stack concerning scatternet formation.

In the simulated scenarios, n Power Class 3 BT nodes (i.e.,
nodes with maximum transmission radius of 10 meters) are
randomly and uniformly scattered in a geographic area which
is a square of side L. We make the assumption that two
nodes are in each other transmission range if and only if their
Euclidean distance is � 10 m. As mentioned, we call vis-
ibility graphs the topologies generated by drawing an edge
between each pair of BT devices that are in each other trans-
mission range (radio visibility).

In the simulation results presented here, the number of BT
nodes n has been assigned the values 30, 50, 70, 90 and 110,
while L has been set to 30 m. This allowed us to test our
protocol on increasingly dense networks, from (moderately)
sparse networks, where only 95% of the visibility graphs are
connected (n = 30), to highly dense networks. The average
degree ranges from 27.9 for n = 110 down to 7.4 when n =
30 (see figure 6(a)). As the density increases, the average
shortest path length in the visibility graph slightly decreases
(10%) from 2.37 to 2.14, as shown in figure 6(b).

The simulated scenarios refer to the case when all the
nodes enter the network within a time Tacc (set to 100 ms) and
run the device discovery and scatternet formation protocols to
self-organize themselves in a Bluetooth scatternet. The value
assigned to every node’s clock at simulation start is drawn
randomly and uniformly in the range 0 and 227 − 1. This al-
lows us to evaluate the performance of device discovery in
the worst case in which nodes in inquiry use frequencies from
both trains A and B. All results presented in this section were
obtained by running the four protocols on 300 connected vis-
ibility graphs.

(a)

(b)

Figure 6. (a) Average degree and (b) average shortest path length in the
various obtained topologies (Tdisc = 10 s).

4.2. Simulation results

Our simulations concern the two main aspects of scatternet
formation, namely, device discovery, which is common to all
protocols, and piconet formation and interconnection. In par-
ticular, simulations have been conducted to compare the per-
formance of the different solutions which include (1) mea-
suring the time needed for scatternet formation (including the
phase of device discovery); (2) assessing the effect of the du-
ration of the device discovery phase on the entire scatternet
formation process; (3) counting the average number of pi-
conets; (4) counting the number of slaves per piconet (average
and 95th percentile); (5) counting the number of roles (either
master or slave) assigned to each node (average and nature of
roles); (6) comparing the average length of the routes between
any two BT devices in the scatternet to the average shortest
path length between any pairs of nodes in the visibility graph;
and (7) comparing the overhead (number of transmitted pack-
ets) associated with running the different scatternet formation
protocols.

4.2.1. Device discovery in multi-hop networks
We have run the device discovery phase for a predefined time
Tdisc � 20 s over each visibility graph. Nodes alternate be-



206 BASAGNI ET AL.

tween inquiry and inquiry scan mode, spending a variable
time, uniformly and randomly selected in the interval (0.01 s,
Tinq), in each mode. Unless otherwise specified Tinq has been
set to 0.5 s. In the case a node is in backoff when the in-
quiry scan interval expires, we choose to let the node finish
up the backoff and try to perform the inquiry handshake for
256 clock ticks (inquiry response) before switching to inquiry
mode. Nodes in inquiry mode randomly select the frequency
train they use upon entering the inquiry phase. The topology
resulting from the device discovery phase, which we call a BT
topology, has links only between those pairs of BT nodes that
were able to discover each other during the device discovery
phase.

The effect of different discovery phase durations are shown
in figure 7. We notice that within 20 s not all neighbors are
discovered (on average) by each node. The higher the density
(and the nodes average degree), the longer the time needed to
discover all the neighbors. When Tdisc = 6 s, the percentage
of discovered neighbors ranges from 87% (n = 30) down to
49% (n = 110) (part (a) of the figure). When Tdisc = 10 s and
= 20 s this percentage increases, ranging from 96% down to
67% and from 99% down to 88%, respectively. The number
of discovered neighbors increases with the length of the de-
vice discovery phase. However, the rate at which new neigh-
bors are discovered decreases with time, as there is a higher
chance to handshake again with nodes already discovered.
The results obtained for Tdisc = 20 s show that it is extremely
time-consuming to require that each node becomes aware of
all its neighbors.

A necessary condition for a protocol to form a connected
scatternet is to start from a connected BT topology. Therefore,
we have investigated how long the device discovery must run
in order for each node to discover enough neighbors to obtain
a connected BT topology. As shown in figure 7(b), we can
provide statistical guarantee that the BT topologies are con-
nected in case of moderately dense to heavily dense visibility
graphs provided that the device discovery runs for at least 6 s.

A short device discovery reduces the overall time needed
for scatternet formation as well as corresponds to a signifi-
cant decrease of the average degree of the BT topologies with
respect to the degree of the corresponding visibility graphs.
This can be beneficial for protocols like BlueStars that do not
form scatternets with limited number of slaves per piconet.
When Tdisc = 10 s, the average nodal degree decreases from
3.5% (n = 30) to the more significant 32.6% (n = 110).
(The price to pay in this case is only a small increase in
the average shortest path length which ranges from 1% when
n = 30 to 6% when n = 110 as shown in figure 6(b).) When
Tdisc = 20 s the decrease of the average nodal degree with
respect to the visibility graph is much more limited, ranging
from a mere 0.3% (n = 30) to a 12% (n = 110) decrease, as
shown in figure 6(a).

To evaluate the impact of the parameter Tinq, we have per-
formed simulations varying Tinq in the set {0.2 s, 0.5 s, 1 s,
2 s}. We observed that when decreasing Tinq from 2 s down to
0.5 s the percentage of discovered neighbors increases inde-
pendently of the network density. This is due to the fact that

(a)

(b)

Figure 7. (a) Average percentage of discovered neighbors, and (b) corre-
sponding average percentage of connected BT topologies.

a shorter Tinq allows the nodes to alternate more often, and
to switch faster between train A and train B when in inquiry
mode. For smaller values (Tinq = 0.2 s) we have observed
that in sparse topologies (e.g., when n = 30) the percentage
of discovered neighbors decreases with respect to the case
Tinq = 0.5 s. In this case, it may happen that nodes in in-
quiry scan either end this phase without starting a backoff at
all or when coming out of a backoff receive no ID packet from
their neighbors (that are likely to be in inquiry scan as well),
leading to a degraded performance. This is why we selected
Tinq = 0.5 s as the value we used in all our simulations.

We have identified three features of the BT technology
which are responsible for the device discovery for multi-hop
BT networks being an extremely time consuming operation:
(a) the need to adopt (stochastic) mechanisms to have neigh-
boring nodes in opposite inquiry modes, so they can discover
each other; (b) the overly long duration of the backoff inter-
val as stipulated in the BT specifications (2048 clock ticks);
and (c) the impossibility of identifying the inquirer, which
demands the construction of a temporary piconet (and the
amount of time needed for an handshake) between neighbors
that discovered each other already.
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In our performance evaluation we have attempted to quan-
tify the impact of each of the above effects. First we have run
the device discovery using a shorter backoff interval length
(one fourth of what specified in the Bluetooth specifications).
As shown in figure 8 by reducing the backoff interval length
the percentage of discovered neighbors improves remarkably.
After 6 s of device discovery the whole visibility graph is dis-
covered in moderately dense networks (n = 30), while at
n = 110 the improvement ranges from 110.5% after 2 s of de-
vice discovery to 34.8% after 10 s. In case of reduced backoff
length, after 20 s all neighbors are discovered (an increase of
12.4%).

We have then made a major modification of the ID packet
format, to allow it to carry the identity of the inquirer. Upon
receiving an ID packet, nodes in inquiry scan mode check
whether the inquirer is an unknown neighbor. Only in this
case they proceed according to the usual procedures (either
backing off or answering the packet with an FHS packet that
initiates the set up of a temporary piconet). Otherwise, the
packet is ignored. The trade-off here is that we had to “slow
down” the scan of the inquiry frequencies. Instead of an ID
packet every half a slot, since the ID packet carries now the
inquirer’s address (an additional 48 bits), it takes a whole slot
to send the enlarged ID packet.

As shown in figure 8 we have verified that the benefits ob-
tained from these modifications overcome the possible per-
formance degradation due to the extra time needed for two
neighbors to start handshaking except for sparse topologies
(n = 30). In this case, the smaller average degree (< 8) and
the high number of nodes in inquiry scan (due to the short
Tinq) makes it difficult for a node exiting backoff to find neigh-
bors that are in inquiry mode, on the same train and that can
send an ID packet within the inquiry response time. This nul-
lifies the advantage of the modified inquiry which allows a
node exiting the backoff to wait for an undiscovered neighbor
before actually handshaking (paging). What we actually no-
tice here is a slight decrease in the percentage of neighbors
discovered in the first 8 s over the specification compliant
case which is due to the slower scanning of the inquiry fre-
quencies. As the nodes density increases (n � 50), the curve
representing the performance of device discovery with modi-
fied inquiry procedures always outperforms the performance
of device discovery with the standard parameters. Figure 8(b)
shows the case with n = 110. We notice that as the time
spent in the discovery phase (and thus the number of discov-
ered neighbors) increases, the improvement achieved by the
modified inquiry steadily increases till 10 s (from 16% after
6 s to 23.7% after 10 s at n = 110), since it is more and more
likely that two neighbors that already discovered each other
would do it again. After 10 s the knowledge of all neighbors
gets closer and closer to 100% which is reached at 20 s.

Finally, we have considered the combined cases of shorter
backoff and ID packet carrying the inquirer identifier. This
leads to very good performance, as all neighbors are discov-
ered within 6 s at n = 30, and within 8 s in the heavily dense
case of networks with 110 nodes. The percentage of discov-
ered neighbors improves from 148% after 2 s down to 12%

(a)

(b)

Figure 8. Average percentage of discovered neighbors in networks with
(a) 30 nodes, and (b) 110 nodes with modified backoff and modified inquiry
procedure.

after 20 s over the percentage of discovered neighbors when
specifications mandated values are used (n = 110).

4.2.2. Performance evaluation comparison of the four
scatternet formation protocols

The comparative performance evaluation aimed at investigat-
ing the time needed to complete the four protocols as well as
metrics identified in the literature as measures of the “quality”
of the generated scatternets. The BlueTrees performance re-
sults refer to the case in which a central node is designated as
blueroot as well as to the case when the blueroot is placed ran-
domly within the geographic area. In implementing BlueNet
we have followed the suggestions given by the authors to
speed up the protocol operations. Specifically, whenever a
link is set up between nodes belonging to different piconets,
the piconets composition is exchanged. The gathered infor-
mation is then communicated to all the other members of the
piconet. This significantly reduces the number of neighbors
that each node has to contact during BlueNet operations, and
thus the overall protocol duration.

The parameters used for the simulations of BlueNet are
summarized in table 2. In the table, p0 and p are the proba-
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Table 2
BlueNet parameters.

p0 p tpage (slots) Isniff (slots) Wsniff (slots)

0.2 0.5 128 300 32

bilities of entering page mode when in phase 0 and in phases
1 and 3, respectively. The parameter tpage denotes the maxi-
mum number of slots for which a node attempts to page one
of its neighbors; Isniff and Wsniff denote the interval between
sniff windows and the sniff window length. The first two pa-
rameters have been set according to the authors specifications,
while the latter three have been tuned by means of simula-
tions.

Protocol duration
Figures 9(a) and (b) depict the average time needed by BlueS-
tars, BlueTrees, BlueNet and by the LSBS protocol to form a
scatternet starting from the BT topologies obtained with de-
vice discovery that lasts 10 s and 20 s, respectively.

BlueStars is the fastest protocol. After a 10 s long device
discovery, it requires an average of 2 s to build a connected
scatternet in networks with 110 nodes, while the other three
protocols require an average of 8.65 s (LSBS), 12.32 s (Blue-
Trees) and 11.7 s (BlueNet). The 99th percentiles of the con-
sidered protocols when n = 110 are 2.52 s (BlueStars), 10.2 s
(LSBS), around 13.6 s (BlueTree), and 20.22 s (BlueNet).

The major reason for BlueStars being faster than the LSBS
protocol is that the latter needs to run the extra phases with
which every pair of nodes u and v that have discovered each
other exchange their neighbor lists (via the pecking protocol),
start paging all nodes in their sets Au and Av (replenish) and
exchange information (again via the pecking protocol) on the
links selected to be part of the Yao topology (Yao construction
phase). For instance, the neighbors lists exchange that imme-
diately follows the device discovery phase lasts up to 3.2 s
at n = 110. The replenish phase needs to be performed for
at least 2 s to have the statistical guarantee that all the nodes
in the set Av have been contacted by node v and that all the
needed links are set up. Since almost all links in the visibility
graph are discovered during this phase, a very high number
of neighbors have to be paged in the Yao construction phase,
making the pecking-like exchange of information a phase that
further adds time to the overall duration (a maximum of 2.3 s
on average, in networks with 110 nodes). The last part of the
LSBS protocol is faster, since it is implemented by BlueStars
now applied to sparser Yao topologies. The time needed for
the LSBS protocol to complete its operations significantly in-
creases with the number of nodes as this results in a higher
number of neighbors to contact.

BlueTrees also needs to run the replenish phase before the
actual tree construction can be started. Since no location in-
formation are available, no node can be automatically deleted
by the set of potential neighbors Av as in the case of the LSBS
protocol. This imposes a longer time to successfully complete
the replenish process. Based on our simulation results we had
to set the length of such phase to 4 s to have the statistical
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Figure 9. Scatternet formation duration: (a) 10 s long device discovery, and
(b) 20 s long device discovery.

guarantee of setting up all the links needed for BlueTrees to
operate correctly. Furthermore, the protocol duration reflects
the need to adopt time-outs to solve possible deadlocks in the
formation of the BlueTree. (Such time-outs have been set to
3 s.)

The time needed to run BlueNet is higher than the time
required by BlueStars and LSBS, and increases significantly
with the network density, approaching the worst performing
protocol, BlueTree, when n = 110. BlueNet performance is
highly variable. This is shown by the increase of the 99th
percentiles over the average (20.22 s over 11.7 s, when n =
110). The 99th percentile of BlueNet ranges from 7.25 s (n =
30) up to 20.22 s (n = 110), significantly higher than all the
other protocols.

The first phases of the protocol are quite fast: the duration
of phase 1 varies from 0.3 s to 0.49 s as the number of BT de-
vices (and thus the number of neighbors to contact) increases
from 30 to 110. The duration of phase 1 increases with n,
from 0.7 s to 3.3 s, as well as the duration of phase 2, which
increases from 0.8 s to 1.9 s. The longest phase is phase 3,
which ranges, on average, from 1.8 s when n = 30 to 7.9 s
when n = 110. The length of this phase is due to several
factors: The need to ask for the master approval every time
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a slave attempts to set up a link with a neighboring slave;
the high number of nodes to be contacted (the slaves’s neigh-
bors); the need for each pair of neighboring slaves to wait to
be both in phase 3 before interpiconet links between them can
be established. The delay imposed by nodes entering phase 3
at different times depends on the fact that BlueNet relies on
potentially time consuming mechanisms, e.g., alternating be-
tween page and page scan modes and waiting for sniff win-
dows for communication exchange. The duration of these op-
erations may lead to significant differences in the time needed
by a node to complete a phase depending on whether informa-
tion exchange can be completed successfully or not, on how
many times a node has to alternate, etc. As shown earlier,
differently from the other protocols, BlueNet may result in
disconnected scatternets. The percentage of such scatternets
is significant in case of moderately dense networks (8.7% at
n = 30) but quickly decreases (to 0.6% or less at n = 50 and
n = 70) when the density increases. For highly dense net-
works (n � 90) all the scatternets generated by BlueNet were
found to be connected.

Figure 9(b) depicts the case when scatternet formation is
executed over BT topologies obtained after 20 s of device dis-
covery. Being the topologies denser, the duration of the scat-
ternet formation phase increases. This is clearly shown in the
case of BlueStars, which is naturally sensitive to the higher
network degree of the BT topologies obtained after 20 s of
device discovery. The LSBS and the BlueTree protocols also
suffer an increase in protocol duration, which is particularly
evident at high densities. This is due to the increased number
of nodes to contact and to the increased amount of informa-
tion to be exchanged. The time needed for the LSBS protocol
to produce a connected scatternet is affected by longer neigh-
bors lists to be exchanged (6.52 s when n = 110) and by a
longer Yao construction phase (4.3 s when n = 110), leading
to an overall algorithm duration which is close to BlueNet.

We notice that as for scatternet formation duration, the
placement of the blueroot in BlueTree does not affect the per-
formance of the protocol.

Piconet number and number of slaves per piconet
The number of piconets and their size affect the performance
of BT communications. The magic number for piconet size
is 7, this being the maximum number of slaves that can ac-
tively communicate with the piconet master. Scatternet for-
mation protocols that produce scatternet with more than 7
slaves will incur the overhead of parking and unparking to
manage all the slaves (this is the case of BlueStars). Even for
protocols that guarantee piconets with less than 8 slaves, there
is a tradeoff among small piconets resulting in a higher data
rate per slave and increased complexity (e.g., for scheduling
and routing) and interference associated to a higher number
of piconets.

Figure 10(a) shows the average number of piconets in the
scatternets formed by the four protocols in the case of BT
topologies generated after a 10 s device discovery phase. In a
BlueTree, all nodes but the leaves are masters, resulting in a
high number of piconets which varies from 53% to 56% of the
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Figure 10. Average number of piconets: (a) 10 s long device discovery, and
(b) 20 s long device discovery.

total number of nodes (independently of the placement of the
blueroot). The number of piconets is much lower in BlueS-
tars, ranging from 22% to 29% of the number of nodes. As
the number of nodes increases, a higher number of piconets
are obtained, as expected, to partition the nodes into piconets.
When a bound on the maximum number of slaves per piconet
is enforced, like in the LSBS case, the number of piconets
in the scatternet further increases. This, in turn, results in a
higher number of extra piconets needed for interconnecting
adjacent piconets (like piconet E in figure 1), motivating the
overall 60–153% increase in the number of piconets formed
by LSBS with respect to the number of BlueStars piconets.
Even more “interconnection piconets” are needed in BlueNet,
which partitions the network in a higher number of small pi-
conets. This is due to several factors, which include the en-
forcement of a bound on the number of slaves per piconet, and
the fact that a node in phase 0 becomes a master probabilisti-
cally, and this probability increases with time. This generates
more masters, and more inter-master competition to acquire
slaves. Adjacent piconets are then always interconnected via
intermediate gateways (which form an extra piconet), lead-
ing to an overall percentage of piconets ranging from 58% to
78.8% of the network nodes.
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(a)

(b)

Figure 11. Average number of slaves per piconets: (a) 10 s long device dis-
covery, and (b) 20 s long device discovery.

In the case of scatternet formation run on BT topologies
from a 20 s device discovery, the performance of the four
protocol is very similar. We note a decrease in the number
of piconets generated by BlueStars. This is due to the higher
density of the BT topologies and to the lack of the bound on
the number of slaves per piconets which leads to forming a
smaller number of bigger piconets.

The average number of slaves per piconet is depicted in
figure 11. BlueTree, BlueNet and LSBS result in piconets
with a very limited number of slaves (the 95% of the piconets
has less than 4 slaves in BlueNet and BlueTree and less than
5 in LSBS). All the three protocols guarantee that no piconet
has more than 7 slaves. The size of the “bigger” piconets in-
stead exceeds the threshold of 7 in BlueStars. As mentioned,
we use the duration of the device discovery phase as a “tuning
knob” for obtaining discovered topologies with a decreased
nodal degree. Doing so we could limit the 95th percentile of
the number of slaves per piconet to 13 after 10 s of device
discovery (instead of 24 after 20 s of device discovery). This,
however, still requires parking and unparking of slaves, which
may lead to time and bandwidth inefficiencies.

Average number of roles per node
Critical performance measures for Bluetooth scatternets are
the (average) number of roles assigned to each node and the
number of nodes with master–slave roles. A high number of
roles per node translates into reduced throughput performance
due to the overhead (an average of 2 slots) associated to pi-
conet switching. Master–slave roles (e.g., the roles assumed
by a master–master gateway) are inefficient since all the com-
munications in the piconet of the master that switches to be
slave have to be “frozen”.

In figure 12 we show the average number of roles as-
sumed by BT devices in the scatternets produced by Blue-
Trees, BlueStars, BlueNet and by the LSBS protocol.

The average number of roles per node in the BlueStars,
LSBS and BlueNet protocols on scatternets obtained on BT
topologies from a 10 s device discovery increases with n

(from 1.2 at n = 30 to 1.5 at n = 110 in BlueStars, from 1.6 at
n = 30 to 1.9 at n = 110 in LSBS, from 1.8 at n = 30 to 3.1
at n = 110 in BlueNet) to take into account the higher number
of adjacent piconets that need to be joined (and thus the num-
ber of gateways). In BlueTrees all internal nodes have two
roles, while the leaves only assume the role of slave. Since
the percentage of nodes which are masters do not significantly
change with n, the average number of roles per node remains
steadily around 1.5, independently of n.

A major difference among the protocols is that BlueTrees
adopts master–master gateways for piconet interconnection,
BlueNet may use master–master gateways (phase 2 masters
could set up links with neighboring masters) and uses inter-
mediate gateways for interconnecting piconets. BlueStars and
the LSBS protocol, instead, use gateway slaves whenever pos-
sible and intermediate gateways only when gateway slaves
are not available. The percentage of nodes with master–slave
roles is thus much more limited (from over 50% of the nodes
in BlueTrees and 60–78% of the nodes in BlueNet to only
8–22% and 14–21% of the nodes in BlueStars and LSBS, re-
spectively). BlueStars, the LSBS protocol and BlueNet have
the further advantage of forming scatternets with higher de-
gree of piconet interconnection (a mesh-like topology instead
of a tree).

While comparing BlueStars and LSBS’s performances, we
noticed that the percentage of nodes with only one role is
much higher in BlueStars (67–71%, at n = 110−30) than for
the LSBS protocol (44–53%). This is due to the higher proba-
bility for slaves in a LSBS piconet to be selected as gateways
to a bigger number of adjacent piconets, and, partially, to the
less efficient way of selecting gateways in a sparser topology.

In BlueNet, almost all the nodes are gateways to a possi-
bly high number of piconets. The percentage of nodes with
only one role is very limited, ranging from 21.6% at n = 30
downto 5.6% at n = 110. The percentage of nodes with an
extremely high number of roles quickly increases with n to
take into account the increased number of extra piconets to
which nodes affiliate.

At n = 90, the 27.8% (the 34.2% when n = 110) of the
nodes have four roles or more.
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Figure 12. Average number of roles per node: (a) 10 s long device discovery,
and (b) 20 s long device discovery.

In case of scatternet formed from BT topologies obtained
from a 20 s device discovery, the results are similar to those
of scatternet from BT topologies at 10 s. The only noticeable
variation occurs for BlueStars, that given the higher density
of the BT topologies and the corresponding lower number of
(bigger) piconets, requires a lower number of gateways which
are likely to be gateway slaves.

Average shortest path length
Independently of the particular routing protocol to be finally
used in the formed scatternet, the length of the shortest route
is a metric that gives already a measure of how well a rout-
ing protocol can perform. Figure 6(b) shows the increase of
the average length of shortest paths in the formed scatternets
with respect to the same metric in the BT topologies and in
the visibility graphs. We first observe that there is little differ-
ence between the shortest path lengths in the visibility graph
and the lengths of the same paths in the discovered topolo-
gies. The highest increase is for networks with 110 nodes,
and it is around the 8% after 10 s of device discovery. Among
the four protocols, BlueStars and BlueNet show similar per-
formance and are the ones with the shortest routes between
any two nodes. The average increase of route length in the

mesh-like scatternets formed by BlueStars and BlueNet with
respect to the length of the corresponding routes in the BT
topologies is 65%, independently of the increasing number of
nodes. This is essentially due to the piconet-based network
organization, which may force nodes that are neighbors in the
visibility graph to communicate through their common mas-
ter (if they belong to the same piconet), or through a possibly
long inter-piconets route in case they belong to different pi-
conets.

Routes in scatternets formed by the LSBS protocol are
from 19% (n = 30) to 63% (n = 110) longer than routes
in BlueStars scatternets, to reflect the higher number of pi-
conets that have to be crossed. A higher number of piconets is
formed by the LSBS protocol because of the limit imposed on
the number of slaves per piconet. This is the case of BlueNet
as well, since BlueNet piconets have a bounded number of
slaves too. In the case of BlueNet, however, the length of the
scatternet routes is shorter than LSBS’ because of the higher
number of roles per node. We observe that BlueNet gate-
ways interconnect more piconets than LSBS’, thus providing
shorter interpiconet routes.

Finally, as expected, in the tree-like scatternets formed
by BlueTrees routes are longer than those in BlueStars and
BlueNet scatternets. In the case of the blueroot placed in a
central position the increase ranges from 33% (n = 30) to
87.7% (n = 110). When the blueroot is randomly positioned,
we obtained longer routes: The increase over BlueStars routes
ranges from 42% (n = 30) to 102% (n = 110). In both cases
two nodes that are possibly close to each other have to com-
municate through the only one route that passes through the
first common ancestor.

We observed a similar trend for scatternet obtained from
BT topologies generated after a 20 s long device discovery
phase.

Packet overhead
As a measure of the control message overhead of the scatter-
net formation protocols, we have counted the average number
of LMP packets exchanged by the nodes after device discov-
ery phases of 10 and 20 seconds (figures 13(a) and (b)).

As expected, BlueStars experiences little LMP traffic, due
to its simple operations and the fact that a node needs to
exchange very little information with its one-hop neighbors.
BlueNet requires a higher number of messages, since interpi-
conet link set up requires the exchange of a piconet composi-
tion among neighboring nodes.

We notice a remarkable increase in the packet overhead of
BlueTree and LSBS with respect to the overhead of BlueStars
and BlueNet. The increased LMP traffic is due to the neigh-
bor list exchange protocol that all nodes that have discovered
each other must execute. Additional LMP packets are needed
for the replenish phase, on which BlueTree and LSBS rely to
operate correctly. As mentioned, the information exchanged
in these two phases of the protocols can be non-negligible,
due to the possibly high number of neighbors that a node has
to contact, and to the need of exchanging nodes’ ID, weight,
clock and also location information (only in LSBS).
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Figure 13. Average number of LMP packets per node: (a) 10 s long device
discovery, and (b) 20 s long device discovery.

In the case of LSBS, we notice that even if the knowledge
of the two-hop neighbors location may reduce the number of
nodes that need to contact each other in the replenish phase,
the additional amount of data needed by this protocol (mainly,
the bytes that carry the location information) decreases the ad-
vantage given by the knowledge of the location. Also, LSBS
relies on an extra phase in which each node informs its neigh-
bors of the links selected during the Yao construction, result-
ing in an overall increase up to 43% (at n = 110 after 20 s
device discovery) in the number of exchanged LMP packets
over BlueTree.

5. Conclusions

This paper described solutions to the problem of scatternet
formation, namely, to the problem of setting up multi-hop net-
works of Bluetooth devices. The performance of four scatter-
net formation protocols – BlueTrees, BlueStars, BlueNet and
the LSBS protocol – have been compared by means of thor-
ough simulations. We observed that device discovery is the
most time-consuming operation, independently of the partic-
ular protocol to which it is applied. We also identified pro-
tocol parameters and Bluetooth technology features that af-

fect the duration of device discovery, showing how modifica-
tion to the BT specifications could lead to considerable im-
provements and the possibility to discover all the neighbors
of a node within a few seconds. Finally, we have analyzed
the effect of the different protocols operations on key metrics
of the generated scatternets. The comparative performance
evaluation showed that due to the simplicity of its operations
and to its basic working requirements BlueStars is by far the
fastest protocol for scatternet formation which also yields to
scatternets with a lower number of piconets, average route
length and number of roles per node. However, BlueStars
produces scatternets with an unbounded, possibly large num-
ber of slaves per piconet, which imposes the use of inefficient
Bluetooth operations (parking and unparking of slaves). In
order to solve this problem we have shown how a good com-
promise is obtained by combining BlueStars and the LSBS
protocol.

Overall, our performance study reveals that, although the
BT specifications enable the formation of multi-hop net-
works, forming scatternets is still a formidable task. This is
particularly due to the inefficiencies of device discovery, and
to the extra complexity imposed by the BT technology on the
implementation of distributed algorithms.
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