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ABSTRACT
In this paper we present an experimental evaluation of a
full ad hoc network architecture with particular attention
to routing and middleware layers. In particular we set up
a MANET prototype on which we performed a large set of
experiments: in a first phase, we analyzed performances of a
proactive and a reactive routing protocols in case of low mo-
bility scenarios in small-medium scale ad hoc networks; then
we studied the performances of a first prototype of an opti-
mized p2p system for ad hoc networks (CrossROAD), based
on a cross-layer interaction with a proactive routing proto-
col. Our analysis shows that the use of a proactive routing
protocol does not negatively influence system performances,
furthermore it allows the optimization of a structured p2p
system on ad hoc networks, providing a complete and timely
updated knowledge of the network topology. In this way, the
overlay network is completely self-organizing and correctly
manages network partitioning and topology changes.

Category and Subject Descriptors: C.2.2 [Computer
Communication Networks]:Network Protocols -Protocol Ar-
chitecture, Routing Protocols; C.4 [Performance of Systems]:
Measurements Techniques, Performance Attribute General

Terms: Design, Experimentation, Measurement, Perfor-
mance Keywords: experimental evaluation, routing pro-

tocols, p2p systems, cross-layer architecture

1. INTRODUCTION
In the last ten years the mobile ad hoc networks research

community has been very active. These research activities
produced a huge quantity of protocols belonging to different
layers of the stack [8]. Results have been validated mainly
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through simulative studies. Simulators allow the perfor-
mance evaluation of protocols in different scenarios, defined
by varying several parameters (e.g. number of nodes, mobil-
ity models, data traffic), however they often introduce sim-
plifying assumptions that mask important characteristics of
the real protocols behavior, as shown in [3] [13]. In order
to obtain more realistic performance results, and to evalu-
ate the actual inaccuracy of simulation’s models, protocols
evaluation via simulation has to be complemented by exper-
iments with real prototypes, even if experimental testbed
are not so easy to implement and only small-medium size
testbeds can be set up. The availability of prototypes can
also increase the creation of user communinities that, exper-
imenting this technology, can provide feedbacks on usabil-
ity and possible applications relevant for the contemporary
society. Currently, only few measurements studies on real
ad hoc test-beds can be found in literature, see e.g., [14]
[15]. The Uppsala University APE test-bed [14] is one of
the largest, having run tests with more than 30 nodes. The
results from this test-bed are very important [11] and point
out that more research in this direction is required to con-
solidate the ad hoc networking research field. This paper
provides a contribution in this direction. Hereafter, we re-
port our experiences and results obtained by measurements
on a real ad hoc network implementing a full ad hoc network
architecture. In particular, we set up a MANET prototype
on which we performed several sets of experiments; specifi-
cally we focused the study on different solutions for routing
protocols and middleware platforms. The novelty of this
paper is twofold:

1. we investigate a full protocol stack with particular at-
tention to routing and middleware layers;

2. we evaluate through experimental results the advan-
tages of a cross-layer architecture, presented in [9],
mainly focusing on routing and middleware interac-
tions.

The rest of the paper is organized as follows. Section 2
presents the testbed architecture and experimental environ-
ment. The methodology of experiments and the perfor-
mance analysis is reported in Section 3. Finally, conclusions
and future works are drawn in Section 4.

2. TESTBED ARCHITECTURE AND
EXPERIMENTS ENVIRONMENT

Measurements studies on real ad hoc testbed that can be
found in literature are generally focused on a single layer of
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the MANET architecture, with particular attention to rout-
ing protocols ([14] [11] [7]). The novelty of our study is the
analysis of a full ad hoc network protocols stack, from the
physical layer up to the application layer, comparing per-
formance results of a legacy-layer architecture with those
of a cross-layer architecture. Specifically, our solution ex-
ploits cross-layer interactions between middleware and rout-
ing protocols. A first phase of this experimental evaluation,
presented in [6], was divided in the following steps:

• Routing: functional analysis of existent implementa-
tions of reactive (AODV [1]) and proactive (OLSR
[17]) routing protocols and their comparisons in terms
of traffic generation and configurations delays;

• Middleware: porting of a p2p system based on DHT
(Pastry [16]), developed for the wired network, on top
of the selected routing protocols, in order to evalu-
ate the performance of a p2p platform on a MANET.
Specifically, we used FreePastry [2] (open-source im-
plementation of Pastry).

This paper represents an evolution of the previous work,
considering not only mobility scenarios and their impact
on the network topology reconfiguration, but also evaluat-
ing a new middleware solution for ad hoc networks, based
on a cross-layer architecture. Specifically, we extended our
testbed with the prototype CrossROAD [10], a Pastry-like
middleware platform optimized for ad hoc networks through
cross-layer interactions. Generally, through the use of a
structured overlay network, predefined policies of distribu-
tion and recovery of data are exploited to optimize the sys-
tem performances. In addition the use of a cross-layer ar-
chitecture furtherly enhances these advantages on ad hoc
network. Before analyzing system performances, a detailed
description of the testbed architecture and the experimen-
tal environment is needed. All the experiments have been
executed inside a building of the CNR campus in Pisa. In
order to realize a multi-hop ad hoc network in a small ge-
ographic area, physical characteristics of the building (ma-
sonry walls) and possible interferences (due to the presence
of access points and measurement instrumentations), were
exploited to limit transmission capabilities of nodes and ob-
tain realistic wireless links (i.e., with variable quality due
to external interferences). Taking into account the environ-
ment constraints we identified the initial positions for mobile
devices and hence the starting topology of our MANET. For
all the experiments a set of (up to 8) laptops equipped with
different wireless cards, compliant to IEEE 802.11b stan-
dard fixed at 11Mbps, have been used. Experimental scenar-
ios cannot be compared with those used during simulations,
where hundreds of nodes move inside areas arbitrarily wide.
However, a small ad hoc network represents a more realistic
scenario in which users, equipped with mobile devices, can
decide to connect to each other, sharing information [11].
The initial phase of the testbed was devoted to investigate
the performance evaluation of network layer protocols, i.e.,
AODV and OLSR on static and mobile scenarios. Then,
we focused on the performance evaluation of two different
middleware platforms, Pastry vs CrossROAD, on top of the
two routing protocols.

2.1 Routing protocols
Currently four routing protocols are under development

inside the IETF MANET working group [4]. In our study
we focused on both reactive and proactive solutions selecting

two protocols for which reliable implementations are avail-
able. As a proactive protocol we choose OLSR [17] that
is an optimization of legacy link-state protocols for ad hoc
networks. It reduces the overhead of routing packets on the
network selecting a set of special nodes (multipont relays
(MPR)) with the task of forwarding routing packets, in or-
der to reduce the control overhead. For reactive protocols,
we choose AODV [1] that minimizes the number of route
broadcasts by creating routes on demand. The first part of
the experiments was focused on evaluating delays needed to
reconfigure network routing tables in case of mobility and
consequent topology changes, and the related packet deliv-
ery ratio. To this aim the simple PING utility was executed
on top of them.

2.2 Middleware platforms
Middleware solutions for ad hoc networks currently repre-

sent an open research area [8]. P2p middleware architectures
attracted a lot of interest due to the similarities between a
p2p overlay network and ad hoc networks. Porting of an ex-
istent structured p2p system, based on a Distributed Hash
Table, on a real ad hoc network has already been studied
through experiments in [6]. Based on these results a new op-
timized solution, named CrossROAD, that exploits a cross-
layer architecture, has been proposed in [10]. In this paper, a
first performance evaluation of a real CrossROAD prototype
will be presented. To this end, hereafter the main features
of CrossROAD are presented. CrossROAD inherits all the
basic principles of structured overlay networks, with spe-
cial reference to the Pastry model that defines a middleware
routing policy that scales well with the number of peers.
CrossROAD represents an optimization of the Pastry model
for ad hoc networks because it exploits a cross-layer interac-
tion with the routing protocol. The main disadvantages of
Pastry on ad hoc networks are represented i) by the lack of
knowledge of physical locations of the other peers and ii) by
the periodical remote connections needed to collect overlay
information [6]. In CrossROAD, assuming a proactive rout-
ing protocol for the network topology management, every
node knows all the others taking part to the network, and
becomes aware of topology changes with minimum delays,
depending on the frequency with which control messages are
sent on the network. In particular, through the definition
of a cross-layer architecture for MANET [9], all protocols of
the stack can benefit from the knowledge of status informa-
tion shared by other layers. Not only the routing protocol
can share topology information with the middleware, but
its proactive flooding on the network can also be exploited
as Service Discovery protocol in order to build the overlay
network. In fact, each overlay consists of all nodes provid-
ing the same service, and every node (in order to join the
overlay) has to know all the nodes providing that service.
CrossROAD defines a new Service Discovery protocol that
associates a unique identifier to each service, and this infor-
mation is broadcasted on the network piggybacked in rout-
ing packets. Following Pastry basic principles, CrossROAD
assigns to each node a logical address. Exploiting the ser-
vice discovery protocol, each node knows the IP addresses
of the other nodes taking part to the same service. For
this reason CrossROAD defines the logical identifier of each
node as the result of the hash function applied to its IP ad-
dress. In this way, each CrossROAD node can autonomously
build the complete overlay, simply hashing IP addresses of
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Figure 1: Cross-layer interactions between middle-

ware and routing through the XL-plugin.

all participants, making the overlay network self-organizing.
In order to analyze CrossROAD performances on top of a
real multi-hop ad hoc network, a particular implementation
of OLSR has been used [17]. This implementation allows
the development of an internal plugin for the definition of
additional information to be sent on the network through
the routing protocol, and the related processing. This rep-
resents a first approach to the development of a complete
cross-layer architecture, aimed at implementing interactions
between middleware and routing layers. The plugin devel-
oped during this study for version 0.4.8 of [17], has been
called XL-plugin. This plugin consists of a dynamic library
loaded by the routing daemon at startup. To implement
the cross-layer interactions, a messages’ exchange protocol
between middleware and routing has been defined. Fig.1
represents a simple example of how cross-layer interactions
can be exploited in the creation of the overlay between two
nodes (A and B). The interaction between CrossROAD and
the plugin starts when the application A1, running on node
A, registers the related service identifier creating a new in-
stance of CrossROAD. In this way the local node joins the
overlay sending to the plugin a message of PublishService
containing its IP address and the service identifier associated
to the specific application. When the plugin receives this
message, it encapsulates that information in the first rout-
ing packet that will be sent on the network, and it stores this
content in the Local Services Table, which maintains the list
of services provided by the local node. On the other hand,
when this message is received by another node (e.g. B),
the plugin processes the additional information, and stores
it in the Global Services Table, maintaining all services cur-
rently provided by every node of the network. At this point,
when the application decides to send a message on the over-
lay, first CrossROAD checks the consistency of its internal
data structures with the plugin, and then it selects the op-
timal destination for that message between nodes currently
running the overlay and contact it through a simple p2p
connection. In this way, all remote connections, needed by
Pastry to build and maintain the overlay data structures,
are eliminated, and every node of the overlay knows all the
other participants, avoiding the multihop middleware rout-
ing introduced by the subject-based policy of Pastry [16]. In
addition, until CrossROAD is active, the plugin sends peri-
odical messages on the network as a maintenance of provided
services, while, as soon as CrossROAD stops running (even
in case of application’s crash), the plugin sends a Discon-
nectMessage with which informs the others about the dis-
connection of the local node from the overlay. In this way,

when a node decides to join the overlay, CrossROAD directly
asks to the plugin the IP addresses of all nodes providing the
same service, autonomously building the complete overlay.
To compare and contrast the Pastry model with its cross-
layer enhancement, in our prototype, we integrated on top of
FreePastry [2] and CrossROAD a simple application of Dis-
tributed Messaging (DM). Nodes running DM set up and
maintain an overlay network related to this service. Once a
node has created/joined the overlay, the application provides
the possibility to create/delete one or more mailboxes dis-
tributed on the other nodes and to send messages to them.
A mailbox’s physical location is randomly selected applying
the hash function to the associated identifier, used as the
key value of the related messages.

3. EXPERIMENTS AND PERFORMANCE
EVALUATION

In order to obtain a complete performance evaluation of
the entire system on a real multi hop ad hoc network, several
set of experiments had to be executed, focusing on different
aspects of the MANET architecture. First of all we exam-
ined routing performances in case of mobility scenarios and
topology changes. Then we analyzed CrossROAD in terms
of functionalities, overhead introduced on the network, and
delays needed to build the overlay network and to become
aware of overlay and topology changes.

3.1 Routing performances
In this section we present the performance evaluation of

the routing protocols on a string topology. In a previous
work [5], we considered only static networks and we focused
on the overhead introduced by them; here we introduced
mobile nodes in order to evaluate the impact of the mobility
on routing protocols. To this end, we considered a string
topology network of four nodes and we performed three sets
of experiments increasing the number of mobile nodes (all
the scenarios are shown in fig.2). In this scenarios the con-
nectivity between the sender and the receiver changes from
1 hop to 3 hops and viceversa during the experiments. To
have a comparison between OLSR and AODV, we studied
the Packet Delivery Ratio (total number of packets received
at the intended destinations divided by the total number of
generated packets) and the delay needed for the network’s
reconfiguration due to the movements of nodes. In addition
to the routing protocol, we introduced some traffic at the ap-
plication layer using the ping utility. This guarantees that
AODV runs in a complete manner; otherwise, without any
application-level traffic, its routing information is reduced
only to Hello packets exchanges. In particular, in our sce-
narios, all the nodes start running the routing protocol and,
after an initial period necessary for the network topology
stabilization, node A pings continuously node D until the
end of the experiment. We repeated the same set of exper-
iments several times; obtained results were similar, so we
present an average of them. One may argue that similar set
of experiments were already available in literature. On the
other hand we think that there are several main reasons to
perform these experiments in our environment:

1. Our cross layer architecture assumes an underlying
proactive routing protocol. Comparing AODV and
OLSR performance enable us to better understand if
and how the proactive assumption impacts on the over-
all system performance. Previous results [6] and those
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Figure 2: String topology

presented in this paper indicate that in small-medium
scale networks and low mobility scenarios OLSR does
not penalize the system performance;

2. Measurements related to the topology management
provide a reference to understand the behavior of the
p2p protocols and, in the specific case of CrossROAD,
also give a direct measurement of the expected de-
lays in the overlay construction and reconfiguration.
Therefore, a better understanding of the routing pro-
tocol performance will be useful when analyzing the
behavior of the p2p platforms.

The configuration and the methodology used for the exper-
iments follow those published in [12], and can be taken as
a reference for our performance evaluation. In the first set
of experiments, called ”Roaming node”, there are 3 static
nodes (B, C, D) and the ”roaming” node A. The experi-
ment lasts 2 minutes: from the initial position W, node A
starts moving and every 20sec it reaches the next position
in the line (X, Y, Z); once it has reached the last position Z,
it immediately moves in the opposite direction following the
reverse path and reaches the starting position near node D
after another minute. The second set of experiments is re-
ferred as ”End node swap” due to the movement of the two
communicating nodes (A and D), while the rest of the net-
work remains in the same configuration. More specifically,
the two end nodes maintain their initial position for the first
20sec of the ping operation, then they start moving reaching
the next position in the line every 20sec. The experiment
lasts other 20sec after the end nodes have swapped their po-
sitions. The last set of experiments, named ”Relay swap”,
is similar to the previous one: there are 2 mobile nodes in
the network that change positions during the test. In this
case after 20sec from the beginning of the ping operation,
central nodes start moving and swap their positions after
20sec, then they remain in this new configuration until the
end of the experiment (it lasts 60sec). In all the performed
experiments each mobile node moves along the line with a
speed of about 1m/s, since we are interested in investigat-
ing low mobility scenarios. Looking at the Packet Delivery
Ratio index, as shown in Table 1, we notice that increasing
the complexity of the proposed scenarios, the performance
of the two routing protocols decreases up to about 60% of
packets delivery in case of Relay swap scenario. Specifically,
in the Roaming node scenario we can note that both proto-
cols have similar behaviors: there is a packet loss of about
25%. Examining the log files, we observe that, for both pro-
tocols, packet losses mainly occur when node A goes beyond
position Y and reaches the string’s end; specifically this rep-
resents the time in which the connection A-D changes from

PDR Roaming node End node swap Relay swap
AODV 0.87 0.67 0.60
OLSR 0.83 0.77 0.66

Table 1: Overall Packet Delivery Ratio.

2-hop to 3-hop connection, due to the loss of the direct link
A-C. In the End swap scenario, the proactive protocol per-
forms better than the reactive protocol: delivered packets
increase of 10%. OLSR introduces the high percentage of
its packet loss in the last 40sec of the test-run when the
connection becomes again a 3-hop connection; on the other
hand at the beginning of the experiment all packets were
correctly received since the network was already stabilized
when data transfer started. In contrast AODV distributes
uniformly its packet loss during the entire test-run. As pre-
viously said, in the third set of the experiments the packet
delivery ratio of OLSR and AODV decreases up to 66% and
60%, respectively. In particular, from the log files we notice
that packet losses occur during the relay swap phase (i.e.,
from 20 to 40sec), in which only half of the number of pack-
ets generated by node A reaches the destination successfully.
To evaluate the delay introduced by the two routing proto-
cols due to nodes’ movements, we measured the time needed
to update the routing table for OLSR and to discover new
paths to the destination for AODV. In the first scenario,
when node A moves toward position Z, OLSR requires 5sec
to discover a 2-hop path to D after the direct link A-D is
lost; while it needs 10sec when the path in the connection
increases from 2 to 3 hops. AODV introduces a delay of 2sec
for the first topology change, and 7sec for the second one.
Both protocols do not introduce any additional delay in the
reverse path (from Z to W position). In the End swap sce-
nario, OLSR introduces a delay of 15sec when the topology
changes from a fully connected (each node see all the others)
to a topology of three hops. In the same topology change,
AODV experiences a delay of 10sec but it also introduces
a similar delay to move from the starting configuration to
a fully connected topology. In the last scenario, during the
relay movement, OLSR introduces a delay of 15sec for the
routing table reconfiguration, while AODV requires 11sec to
discover a new route to the destination.

3.2 Overlay network performances
In order to evaluate CrossROAD performances, several

sets of experiments were performed using 8 nodes (see fig.3)
but only 6 running the overlay. In fact nodes B and G just
worked as routers. During the experiments all nodes were
synchronized and started running OLSR enhanced with the
XL-plugin. In the first set of experiments, the overhead
introduced by CrossROAD and FreePastry has been mea-
sured. The experiment consists of defining an order with
which nodes start running the overlay, and no message gen-
eration is required from the application. In this way we can
measure only the overhead introduced for the overlay con-
struction and management. The main difference between
these experiments is due to the self-organizing nature of
CrossROAD and its complete independence on building and
managing the overlay. In fact, as shown in fig.4, nodes B and
G, that just work as routers, only perform routing traffic
that is almost negligible (about 50Bps). But also the other
nodes, which start running the overlay with a delay of 10sec
one from the other (interdeparture time), introduce an over-
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Figure 3: Experimental network topology
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head less than 100Bps. Comparing these results with Pastry
performances on the same set of experiments (see fig.5), we
can notice that nodes running the overlay introduce a much
higher overhead than in case of CrossROAD, with several
traffic peacks corresponding to TCP and UDP connections
used to initialize and maintain the overlay data structures.
Another important feature of CrossROAD is represented by
the timeliness with which every node at the startup becomes
aware of the other participants. Since the PublishService
message is sent on the network as soon as the next rout-
ing packet is ready, the delay introduced for each node to
collect information about all nodes taking part to the over-
lay, is lower than in case of establishing one or more remote
connections. In order to obtain these results, we set up two
sets of experiments using an interdeparture time of 10sec.
In both cases the first node starts running CrossROAD and
waits for being notified from the XL-plugin that some other
nodes join the overlay. In particular in the first set the sec-
ond node is 1-hop distant from the first, while in the second
set the second node is 3-hop distant from the first node. As
shown in table 2, the first node of the overlay experiences
different delays in those experiments, due to the physical
distance from the second node. When they are 1-hop neigh-
bors, the first node experiences a delay of 180msec, while
in the second case it experiences a delay of 325msec. The
measured delay corresponds to the interval time between
the sending of the PublishService from the second node to
the notification of the list of nodes of the overlay to the
first node. All the other nodes experience a delay of about
30−40msec because when they start the overlay, the plugin
has already stored at least one other node providing the ser-
vice in its local data structures. Hence, in this case, the de-
lay represents only the processing time needed to exchange
messages between CrossROAD and the plugin on the local
node.

As the last set of experiments, we analyze a possible net-
work partitioning and the consequent reaction of CrossROAD
in the overlay management. To do this, a new network topol-
ogy, shown in fig.6, has been set up. Specifically, the ad hoc
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Delays for overlay establishment First node Other nodes

2nd node at 1-hop distance 180msec 40msec

2nd node at 3-hops distance 325msec 30msec

Table 2: CrossROAD delays for the overlay con-

struction.

network consists of 5 nodes, and only nodes in adjacent po-
sitions are in the transmission range of each other. All nodes
start running OLSR enhanced with the XL-plugin, and af-
ter about 30sec to have the network topology stabilized,
they start executing CrossROAD with a delay of 10sec from
each other. When all nodes are correctly connected to the
overlay, node C starts periodically sending an application
message with a specified key value. The period with which
the message is sent on the overlay is set to 1sec. Initially,
the key value results to be logically closest to the node iden-
tifier of B, hence node C sends those messages directly to
B. Then after about 30sec, node C starts moving towards
position X with a speed of about 1m/s, generating a net-
work partitioning: nodes A and B create an independent
ad hoc network as well as nodes C, D, and E. Since the
direct link B-C is lost, the cross-layer interaction between
CrossROAD and the routing protocol allows node C to be-
come aware of the network partitioning and the consequent
removal of nodes A and B from the overlay. Hence, the
successive messages sent by node C on the overlay with the
same key value, are directly sent to the new best destina-
tion: node D. After 2 minutes, node C starts coming back
to the initial position re-establishing a single ad hoc net-
work. At this point, the following messages are sent again
to node B. As shown in fig.7, CrossROAD, thanks to the
cross-layer interaction with the routing protocol, correctly
manages data distribution in case of overlay and network
partitioning. Specifically, the figure shows that i) during
the first phase (a single ad hoc network), node C data are
stored on node B; ii) when the partition occurs, after a tran-
sient, node C data are delivered to node D; and iii) when
the network is again connected, C data are again stored on
node B. It is important to specify that CrossROAD, before
sending each application message, requires to XL-plugin the
list of nodes currently taking part to the overlay. At the
same time, the XL-plugin has to maintan the consistency
of its internal data structures with the processing of service
discovery messages periodically received. For this reason, a
validity timeout has to be associated to each entry of the
GlobalServiceTable and a ServiceMaintanance message has
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Figure 6: Network Partitioning Topology
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to be sent periodically on the network. In order to guarantee
the maximum timeliness of CrossROAD to overlay topology
changes, this period is set equal to that used by OLSR to
flood Hello messages on the network (2sec). This proce-
dure does not negatively influence the system performances
because each service identifier is simply represented as 32-
bit value. Hence, even changing the maintanance period,
the total overhead does not considerably change. In conclu-
sion, cross-layer interactions between routing and middle-
ware make every node of the overlay completely autonomous
from the others, optimizing data distribution and recovery
for upper applications without introducing additional over-
head on the network. In this way, all the advantages intro-
duced by the use of a structured p2p system are furtherly
optimized and all disadvantages introduced by Pastry on ad
hoc networks are completely removed.

4. CONCLUSIONS
During this study a large number of experiments has been

set up in order to obtain real measurements on a full ad hoc
network architecture. In particular routing protocols and
middleware platforms have been evaluated in terms of over-
head and reconfiguration delays in case of mobility scenarios
and network topology changes. In addition, we set up a real
prototype of an optimized p2p system (CrossROAD) that
exploits the cross-layer interactions with a proactive routing
protocol (OLSR), and the first experimental results of this
platform have been presented. Specifically, this particular
implementation of the cross-layer architecture is mainly fo-
cused on routing and middleware layers, aimed at optimizing
the overlay network management on ad hoc networks. This
real testbed demonstrated that: i) the use of a proactive
routing protocol (OLSR) does not penalize the system per-
formances either in terms of PDR and reconfiguration delays
in static and low mobility scenarios; ii) CrossROAD dras-
tically reduces the overhead introduced by a classical p2p
system on ad hoc networks, and correctly manages cases of
network partitioning and topology changes. The next step

of our study is to create a larger testbed in order to evalu-
ate the overall system performances on a large scale ad hoc
network.
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