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Abstract —The performance of four routing protocols in a sparse Bluetooth multi-hop ad hoc network is studied.  A Bluetooth ad 
hoc network is created by deploying a mobile application on mobile phones that allows mobile phones to connect and exchange 
messages.  We discover that on-demand routing protocols that initiate route discovery and route maintenance, either periodically 
or when necessary, incur higher average delay in transmitting a message and greater convergence times to reach a stable network 
topology.  Routing protocols that do not make local routing decisions and blindly flood the network with messages incur greater 
total traffic but incur less average delay and convergence times.     
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I. INTRODUCTION 

Routing is a well-researched and challenging problem 
in mobile ad hoc networks. Routing is the process of 
disseminating information from a source device or node to 
a  destination node.  This process usually involves route 
discovery and route maintenance.  Route discovery is 
initiated to discover a path from the source to destination 
node.  Route maintenance is initiated to maintain the 
routes between source and destination nodes.  Efficient 
routing is challenging because of device mobility, which 
causes link interruption,  network partitioning, and 
eventual data loss.  In order to efficiently disseminate 
information in the network, routing protocols must be use 
the limited resources of the mobile devices, incur little 
overhead when transmitting information between devices, 
ensure that messages are delivered between devices with 
little delay, and must also adapt to the changing, 
unpredictable network topology caused by device 
mobility.   

The problem being considered is routing in sparse 
Bluetooth multi-hop ad hoc networks.  Mobile ad hoc 
networks (MANETs) consist of self-organising, resource-
limited devices.  Their network topology is dynamic due to 
unpredictable node mobility.  Routing in MANETs is 
designed to quickly adapt to the dynamic network 
topology.  Routing protocols are thus designed to be table-
driven or demand-driven.  Table-driven protocols attempt 
to maintain up-to-date routing paths at each device to 
every other device in the network.  These protocols require 
that each node maintain one or more routing tables with 
routing information [3].  These protocols respond to 
changes in the network topology by broadcasting regular 
update messages throughout the network in order to 
maintain an up-to-date view of the network. 

On-demand driven routing protocols initiate route 
discovery only when required by the source node.  Once a 

route is found, it is maintained by a route maintenance 
process that is initiated either periodically or on-demand 
[4]. 

We focus on creating a sparse Bluetooth multi-hop ad 
hoc network that implements demand-driven routing 
protocols for information exchange between mobile 
phones as illustrated in Fig. 1.      

Bluetooth is a low power consumption connectivity 
technology that is readily available on devices such as 
mobile phones, laptops, wireless peripherals and PDAs.  It 
is designed to form ad hoc networks called Personal Area 
Networks (PANs) for devices within communication range 
of 10 and up to 100 metres for higher power devices.  Due 
to the limited transmission range, nodes we design a 
system that allows intermediate nodes to act as routers 
between source and destination nodes thus allowing nodes 
to communicate in a multi-hop manner.  The Bluetooth 
protocol dictates how mobile devices self-organise into 
topologies called piconets.  A piconet consists of one node 
in master mode and up to seven other nodes in slave mode.  
A series of interconnected piconets connected through a 
bridge node form a scatternet.  The scatternet satisfies our 
desire for a multi-hop mobile ad hoc network.  To form the 
scatternet, a system is implemented that allows mobile 
devices to perform device discovery and routing. 

A comparison of the four routing protocols is 
performed using emulation.  This comparison looks at the 
following routing performance metrics:  total traffic, data 
traffic, control traffic, average delay, convergence time 
and positive response rate.  

Section II discusses in detail the of on-demand routing 
protocols implemented in the system, as well as the related 
work in Bluetooth ad hoc network formation.  Section III 
discusses the details of the system developed.  In Section 
IV, the emulation of the system and results obtained from 
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these tests are presented.  Finally, Section V discusses the 
outcomes and future work of this research.    

II. RELATED WORK 

Mobile ad hoc networks (MANETs) are a collection of 
self-organising wireless mobile devices. The mobile 
devices can leave and join the network in an ad hoc 
manner.  The devices or nodes communicate via multi-hop 
links with other nodes out of transmission range.  Wireless 
links are inherently unreliable so routing should efficiently 
disseminate information by adapting to unpredictable 
network topology changes [2, 4. 6, 7, 8].  Despite the 
inherent unreliability of the wireless connections, 
MANETs provide interesting opportunities to create 
rapidly deployable applications for file-sharing, data mules 
and delay tolerant transient networks to upload or 
download information [9].  MANETs are widely used on 
battlefields, in emergency search and rescue operations, 
disaster relief scenarios, e-health system and sensor 
networks [10, 11].    

 
Figure 1. Bluetooth multi-hop ad hoc network 

Some commonly used MANETs are Vehicular Ad hoc 
networks (VANETs), which exchange traffic information 
between moving vehicles and roadside equipment like 
traffic cameras; Internet-based mobile ad hoc networks 
(iMANETs) that link mobile devices and Internet-gateway 
devices.      

The inherently unreliable wireless connections and 
highly dynamic topology of MANETs require the use of 
adaptive reactive routing protocols.   Demand-driven 
routing protocols are designed for this network.  These 
routing protocols usually have two parts – route discovery 
and route maintenance.  Route discovery is the process of 
finding a route from a source to a given destination node.  
Route maintenance is the process of ensuring that the path 
stays alive.     

Advanced On-demand Distance Vector Routing 
(AODV) AODV performs route discovery by broadcasting 
a route request message. Every node receiving the route 
request packet copies the source address into its route 

cache and forwards the message to its neighbours [14].  
AODV also does periodic route maintenance.  It does so 
by periodically updating nodes' routing tables with the 
status of routes.   

AODV is scalable in large dynamic networks, but 
introduces delays and bandwidth consumption as the 
routing table sizes grow [3, 4, 13]. 

Dynamic Source Routing (DSR) initiates route 
discovery and maintenance when a source node needs to 
send information.  When route discovery is initiated, a 
route request message contain the full address of the 
source node, the destination address and a unique sequence 
number for loop detection [3] is passed along a multi-hop 
route.  The protocol maintains route tables called route 
caches at nodes to store active routes from source to 
destination.  When a source node tries to send a packet, it 
first checks its route cache for a route to the destination. If 
a valid route to the destination is found, it is used. 
Otherwise, the source node initiates the route discovery 
process by broadcasting a route request to its neighbours. 
The neighbour node receiving the request checks its own 
routing cache for a route to the destination. If the receiving 
node is the intended destination, it copies the routing 
information in the route request packet into a reply packet, 
and sends the reply packet to the source. If the receiving 
node is not the intended destination, it checks its route 
cache for a route to the destination node, then adds its 
address to the route request packet and then forwards the 
request to its neighbours.  DSR is not scalable: route 
messages carrying routing information can get load due to 
inherently unreliable wireless networks. 

Broadcasting is central to route discovery and route 
maintenance in on-demand routing protocols.  During 
broadcasting, flooding, a node sends a packet to all 
forward neighbouring nodes in the network. When an 
intermediate node receives a data or route request 
message, it checks its routing table to determine if it has 
seen the message before. If it has, it simply ignores the 
message or else forwards the message to all its forward 
neighbours. 

Before disseminating messages in a network, the 
process of network formation has to be performed.  
Bluetooth does network formation after performing device 
discovery.  Nodes engage in a handshake procedure and 
form a one-hop network called a piconet.  A multi-hop ad 
hoc network is required.  The Bluetooth protocol permits 
interconnected piconets to form multi-hop networks called 
scatternets.   

In [15], the authors discuss four scatternet formation 
protocols, namely pecking, BlueTrees, BlueNet and 
BlueStars.  The pecking protocol assigns weights to nodes.  
The weights establish an order among the nodes.  A node 
with a higher weight that its neighbours starts paging all its 
neighbours with smaller weight and setting up temporary 
piconets with each of them.  While the piconet is up, the 
nodes exchange information needed for the protocol 
operation.  This protocol requires one to maintain weights 
for all nodes in the network.   
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The BlueTree protocol picks a node, called a blueroot, 
to act as a designated root to form a scatternet tree. The 
blueroot starts by acquiring slave nodes one-hop away.  
These slave nodes in turn start paging their own 
neighbours.  Despite its lack of robustness by starting with 
a designated blueroot, this uses an observation called 
branch organisation which disconnects a node from a 
piconet if a master is connected to more than seven nodes.  
We use this observation in our design of a Bluetooth ad 
hoc network. 

The BlueNet formation protocol permits each piconet 
to have at most a k number of slaves connected to a master 
node.  The k slaves nodes are acquired performing two 
phases in the protocol:  a device discovery phase and a 
page or page scan phase.  A node will go into page or page 
scan phase with a probability p0  after device discovery 
mode when it has picked up at least one slave node.  By 
altering between page and page scan a node will pick up at 
least k slave nodes.  The upper bound on slave nodes is 
influenced our decision to limit the number slave devices 
connected to a master node in a piconet.         

BlueStars forms scatternets in three phases: device 
discovery, piconet formation and finally interconnection of 
piconets into a connected scatternet.  Master nodes 
determined by a locally and dynamically computed weight 
and on the knowledge of the wights of its neighbours.  
Weight indicates how suitable a node is to becoming a 
master node.  During the scatternet formation phase, each 
master nodes selects gateway devices to connect multiple 
piconets.  Masters are two hops away, connected by a 
gateway slave device.  We apply this approach to the 
formation of our scatternet.  Our master devices are always 
two hops apart although masters are connected manually 
in our system.             

III. SYSTEM DESIGN 

The system developed is a message-based mobile 
application.  The application implements four routing 
protocols.  These protocols allow nodes to exchange data 
and control type messages.  Control messages contain 
information about routing paths and maintenance 
information.  Data messages contain user specified 
requests.    This section discusses how the system performs 
network formation via device discovery, the routing 
protocols implemented and the types of messages 
involved.    

 
 
 
 

A. Mobile Application Architecture 

 

Figure 2. System Architecture 

The mobile application developed has the architecture 
illustrated in Fig. 2.  The mobile application was installed 
on individual mobile phones and allowed neighbouring 
devices to exchange of messages.   The graphical user 
interface (GUI) layer displayed routing messages 
exchanged between devices and user requests.  The device 
discovery layer found devices within transmission range 
and allowed them to form a network.  The routing layer 
implemented the routing protocols.  At the routing layer, 
Bluetooth was used to transfer messages between nodes.   

B. Device Discovery 

Devices in transmission range were able to connect by 
using Bluetooth's inquiry process.  A lot of user interaction 
was required during this stage.  The user selected either the 
master or slave mode that the device operated in.  Master 
nodes were set as discoverable.  To be discoverable, the 
master node transmitted its Bluetooth identifier and waited 
for responses from surrounding nodes.  Slave nodes 
searched for, located and connected to node in master 
node.  A piconet was formed between the master and slave 
node.  But to form a multi-hop network, a slave node was 
chosen by the user to act as a bridge between two piconets.  
In this way master nodes were at least two hops apart.     

C. Routing Messages 

Routing is message based, so messages are exchanged 
between nodes.  A time-to-live (TTL) counter is attached 
to each message to prevent loops in the network.  This 
counter was decremented on receipt of a message at a 
node.  The TTL value was set to n – 1, where n was the 
maximum number of hops from the source to destination 
node. 

The following messages types are exchanged in the 
network: 

 RREQ – route request 
 RREP – route reply 
 DREQ – data request 
 DREP – data reply 
 DERR – data error 
 RERR – route error 
 HELLO – route maintenance 

D. Routing Protocols 

We implemented four routing protocols.   
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 Advanced On-demand Distance Vector Routing 
(AODV): We periodically updated routing tables 
every 5000 milliseconds.  If a broken link was 
broken a RERR message was propagated 
backward along the reverse path to the source 
node every 5000 milliseconds as well.     

 Dynamic Source Routing (DSR):  Routing tables 
were updated when a route request was initiated 
at device discovery and when data was needed to 
be sent. 

 Broadcasting (BRD): Route and data request 
messages were simply flooded into the network 
and the TTL value decremented.  When the TTL 
value reached zero and the destination was not 
reached, the source later requested the 
information since it did not receive an answer the 
previous time.      

 Content-based Routing (CBR):  Content-based 
Routing forced a node to answer a request even 
if it was not the intended destination.   

IV. EVALUATION 

Experimentation was carried out using emulation 
instead of simulation. Emulation was executed in a 
controlled environment in order to obtain comparable 
results. Initially, a test bed was used in a feasibility study.  
There was constant link interference between devices.   
When links were disrupted, reestablishing these 
connections required restarting the test bed.  Wireless 
network simulators use many mobility models, such as 
random waypoint mobility, which do not realistically 
model the topology of the Bluetooth ad hoc network 
described so far. Emulation is an exhaustive process that 
requires constant user monitoring but the sparse network 
emulated allowed for a proof of concept. 

A. Performance Metrics 

The following metrics were observed for each routing 
protocol: 

 Total traffic:  Total traffic, TT, refers to the size of 
messages, msg, that pass through an active link 
and are received at each node. Traffic includes 
periodic update messages, route requests, route 
replies, route error messages, data requests, data 
replies and data error packets. Total traffic is 
measured in bytes.  The aim is to use this metric 
see how total traffic affects the battery lifespan of 
a device.  Total traffic is calculated as follows: 

 TT = ∑(msg*packet_size)  
 Data traffic:  Data traffic, TD , is the successfully 

received data messages, msg, measured in bytes, 
received at each node. It excludes control 
messages. The data traffic metric shows how 
effective the routing protocols are in delivering 
data packets.  Data traffic is represented as 
follows: 

TD = Σ (msg*packet_size)  

Control traffic:  Control traffic refers to the difference 
between the total traffic, that is TT, and data 
traffic, TD, in the entire network. Control traffic 
includes all route discovery and route maintenance 
messages.  The metric determines how much 
traffic can be attributed to route discovery and 
maintenance procedures.  It is calculated as 
follows: 

TC = TT − TD  
 Average delay:  DT , is the average amount of time 

between when a message is sent from a source 
node and  received at a destination node, averaged 
over the number of times, m, the source node  
generates messages intended for that specific 
destination. It consists of processing delay at each 
node and transmission delay. The metric 
determines how fast a routing protocol transmits 
messages.  Average delay is calculated as follows: 

DT =Σ (trecv − tsent)/m 
 

 Convergence time refers to the time taken to 
establish a stable network topology. Convergence 
time is determined by measuring the time it takes 
to send a route request from a source node to the 
time it was received at its destination.  This metric 
indicates how quickly a routing protocols adapts to 
changes in the network topology.  It is calculated 
as follows:  : 

C = trecv − tsent  
The aim of this metric is to determine how quickly a 
network adapts to changes. 

 Positive response:  The positive response is the 
ratio of the number of data reply messages, 
rmsgrecv in bytes, successfully received at the 
source node to the number of data request 
messages sent, dmsgsent in bytes, by the same 
source node. A reply message is either a 
successful data reply or a data error saying the 
data request could not be fulfilled.  The metric 
determines how well routing protocols deliver data 
requests to destination and replies to their source 
nodes: 

DR = (rmsgrecv/dmsgsent) x 100 

B. Results 

We present box and whisker plots and bar graphs for 
each metric.  We compare the performance of the routing 
protocols by comparing the mean values shown by the box 
plots.   

 
 

1) Total traffic:  As seen in Figure 3, AODV, DSR 
and Broadcasting generated significant mean total traffic 
values as the network size increased.  Periodic route 
discovery and route maintenance messages increased the 
total traffic for AODV.  Route request messages 
generated when a data message needed to be sent to a 
destination node unknown to the source increased DSR 
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total traffic.  Uncontrolled flooding of the network with 
route discovery and data message increased Broadcasting 
traffic.  Content-based Routing generated the least amount 
of total traffic.  This is because of the controlled flooding 
mechanism – the protocol allowed any intermediate node 
to reply to a data request meant for a particular 
destination.     

 
Figure 3. Mean total traffic values 

 
 

 
Figure 4. Total traffic vs. network size 

 
Fig. 4 shows how total traffic varied with network with 2, 
3, 5 and 8 nodes.   
 

2) Data traffic:  Figure 5 shows that as the network 
size increased, AODV, DSR and Broadcasting data traffic 
increased significantly compared to Content-based 
Routing. Data traffic increased gradually for Content-
based routing as the network size increased.  Controlled 
flooding used in Content-based Routing produced the 
least amount of data traffic.   

 

 
Figure 5. Mean data traffic values 

 
Fig. 6 shows clearly the significant increase of data 

traffic for AODV, DSR and Broadcasting as the network 
size increased. 
 
                        

 
 
 
 
 
 
 
 
 
 

Figure 6. Data traffic vs. network size 

 
3) Control traffic:  AODV generated significant 

control traffic as the network size increased as shown in 
Fig. 7. This was because of AODV’s route maintenance 
mechanism triggered periodically. DSR control traffic 
was significantly less than AODV because DSR triggered 
the route discovery mechanism which generates the 
control traffic only when it needed to send messages to an 
unknown destination. Broadcasting and Content-based 
Routing generated the least amount of control traffic.  
These protocols did not trigger route discovery and route 
maintenance periodically neither when sending data 
request messages except when they engaged in device 
discovery and formed a network.    
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Figure 7. Control traffic vs. network size 

 
4) Average Delay:  Fig. 8 shows that AODV and DSR 

had the highest average delay as their network size 
increased. Broadcasting and Content-based Routing had 
the shortest average delay and it remained below 21 
milliseconds constant as the network size increased.   
Shorter delays were observed for Broadcasting and 
Content-based Routing because there was little processing  
delay at the nodes.  These protocols allowed nodes to 
forward a message if the node was not the intended 
destination and if the intermediate node was not able to 
reply to a message.  Unlike AODV and DSR which 
decided along which path to send a message, 
Broadcasting and Content-based Routing used multiple 
paths to reach the desired destination.    

 
Figure 8. Average delay vs. network size 

 
AODV and DSR had the highest delay because of the 

delay caused when these protocols consulted their routing 
tables for paths to the destination.    
 

5) Convergence time:  Fig. 9 shows that AODV and 
DSR convergence time increased significantly as the 
network size increased.  Convergence time was higher 
because AODV and DSR took longer than Broadcasting 
and Content-based Routing to build routing tables with 
routes to intended destinations.  This means that AODV 
and DSR took longer for each node to gather enough 
information about the network topology to confidently be 
able to find any intended destination with the information 
in the nodes’ routing tables.  Broadcasting and Content-
based Routing allowed each node to use any route 

available from route by simply flooding the network with 
messages in order to reach the intended destination.  
Because these protocols did not consult node routing 
tables to inquire about a path to a destination, these 
protocols established a stable network topology quicker 
than AODV and DSR.       
 

 
Figure 9. Mean convergence times 

 

 

 
Figure 10. Convergence time vs. network size 

 
Fig. 10 shows how significantly convergence times 
differed between the four routing protocols.  As the 
network size increase, AODV and DSR convergence 
times increased significantly as well.   
 

6) Positive Response:  Fig. 11 shows that 
Broadcasting and Content-based Routing had the best 
positive response as the network size increased. As the 
network size increased, Broadcasting and Content-based 
Routing had mmultiple paths along which to transmit data 
requests. AODV and DSR decided along which paths to 
send data requests.  The positive response was influenced 
by the routing information in the routing tables.  When the 
path to the intended destination was not found in the 
routing tables, sometimes the data request messages were 
not delivered within the time frame the response rate 
figures were gathered.  This contributed to the less than 
100% response rates observed for AODV and DSR.    
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Figure 11. Positive Response vs. network size 
 

C. Discussion 

The results show that AODV and DSR had the highest 
total traffic. These protocols also generated significant 
amount of control traffic.  AODV had the most amount 
control traffic due to periodic control messages generated 
during route discovery and route maintenance.  
Broadcasting and Content-based Routing generated the 
least amount of control traffic.  These protocols didn't 
engage in route maintenance as often as AODV and DSR.     

AODV and DSR incurred the highest delay and 
convergence times. AODV and DSR delay was caused by 
the routing decisions that were made at the nodes and the 
time taken to search the routing tables for routing paths 
and as well as updating the routing tables with new paths.  
The high AODV and DSR convergence time was caused 
by the route discovery process, which took longer than 
Broadcasting and Content-based routing to find stable 
paths to all destinations in the network.   

Broadcasting and Content-based Routing incurred the 
least average delay and convergence times.  Average delay 
was low for Broadcasting and Content-based Routing 
because these protocols did not have to make any routing 
decisions about where to send a message – these protocols 
simply flood the network with a route or data request 
message.  Broadcasting and Content-based Routing had 
the least convergence times because these protocols used 
any route to a destination and delivered the message. 

The routing protocols had high positive response rates.  
Broadcasting and Content-based Routing had near perfect 
response rates because these protocols used any available 
route to deliver a message.  AODV and DSR used routing 
information that was in their routing tables to deliver 
messages.  If a route was unavailable, a new path was 
discovered but was not necessarily used during the time 
frame of the experiment to deliver a message to its 
intended destination.   
 

V. CONCLUSION 

AODV and DSR had the highest total traffic which 
consisted mainly of control traffic generated during route 
discovery and route maintenance.  Content-based Routing 

generated the least amount of total traffic.  Because of the 
size of the memory and battery lifespan of the mobile 
phones considered for this network, AODV and DSR 
could deplete these resources very quickly.  

AODV and DSR had the highest delay and 
convergence times.  Broadcasting and Content-based 
routing had the shortest delay and convergence times.  
Mobile phones are used for many other tasks not just 
information exchange.  A routing protocol that takes a 
long time to establish a stable network and deliver 
messages to their intended destinations is not desirable in a 
spontaneous, sparsely distributed network such as the one 
envisioned.  The performance metrics discussed suggest 
that AODV and DSR are not suitable for disseminating 
information in sparse Bluetooth ad hoc networks because 
they generate a large amount of control traffic and take 
some time to deliver messages from source to destination.  
Content-based Routing using controlled flooding seems 
more suited for information exchange in sparse Bluetooth 
ad hoc networks.     
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