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Abstract—Ubiquitous Internet access is becoming crucial for
end-users due to the increasing number of services and appli-
cations supported over the Internet. Extending the coverage of
current Wi-Fi infrastructures installed in companies, universities,
and cities, has been considered a solution to help in fulfilling this
requirement, namely when it comes to wireless and nomadic
Internet access.

This paper describes and analyses a new and simple solution,
called Wi-Fi network Infrastructure eXtension (WiFIX), aimed
at extending current Wi-Fi infrastructures. WiFIX is based on
standard IEEE 802.1D bridges and a single-message protocol that
is able to self-organize the network, and it only requires software
changes in IEEE 802.11 access points; no changes to IEEE 802.11
stations are needed. Overhead analysis and experimental results
show both the higher efficiency of the solution compared to the
IEEE 802.11s draft standard and its good performance as far as
data throughput and delay are concerned.

I. INTRODUCTION

The Internet is becoming the global communication infras-
tructure for accessing multimedia services and data and, as
such, it is the infrastructure users are willing to be perma-
nently connected to. With its rapid growth and the demand
for broadband services, access networks have been receiving
intense investments in recent years. In this context, the IEEE
802.11 [1] standard, also known as Wi-Fi (the two terms will
be used interchangeably), is assuming a prominent role. Wi-Fi
is nowadays a true universal wireless technology for accessing
the Internet worldwide.

Since Wi-Fi has limited radio range, the coverage of large
geographical areas can only be achieved by installing multiple
Wi-Fi Access Points (APs) that, however, need to be connected
to the wired Ethernet infrastructure. In some cases, this may
require the installation of a large number of APs and wires,
which introduces complexity, may imply high costs, and
may involve considerable technical manpower to deploy the
network. Also, the need to connect each AP to the wired
infrastructure provides limited flexibility. The 802.11 standard
already defines a way for interconnecting APs wirelessly using
the so-called Wireless Distributed System (WDS) technology
[1]. However, manual configuration of the network topology is
required, which precludes the automatic set up of the network
and the automatic adaptation to topology changes.

802.11-based Wireless Mesh Networks (WMNs) are consid-
ered the cost-effective solution to solve this problem. WMNs

Figure 1: WiFIX Reference Scenario.

may be defined in different ways. Here, we define a WMN
as a wireless network consisting of static Mesh Access Points
(MAPs) that perform multi-hop bidirectional forwarding be-
tween the wired infrastructure and wireless terminals. MAPs
are assumed to have two Network Interface Cards (NICs), one
that is used for connecting to the WMN and the other used to
serve wireless terminals; the terms MAP and Mesh Point (MP)
will be used interchangeably. Intensive research has been car-
ried out to define mesh networking solutions. Within the IEEE
802.11s Task Group (TG) a new standard is being specified
[2]. In order to address the infrastructure extension scenario,
a tree-based routing solution is proposed [2]. However, the
use of a 6-address frame format, the introduction of a new
type of device, the Mesh Point Portal (MPP), to interconnect
the WMN with the wired infrastructure, and the explicit and
periodic registration of wireless terminals running behind each
MAP, make it a complex solution. In [3][4] Layer-2 solutions
for interconnecting multi-hop ad-hoc networks to the Internet
are proposed, but they are tied to a specific IP (Internet
Protocol) version. Other proposed mesh networking solutions
are based on Layer-3 routing [5][6] but only support a single IP
version as well. Layer-2.5 solutions have also been proposed
in [7][8]. Still, they introduce unnecessary complexity in the
infrastructure extension scenario.

We propose a new simple and efficient solution, called
WiFIX (Wi-Fi Network Infrastrucuture eXtension), based on
IEEE 802.1D bridges [9] and a single-message protocol.
WiFIX is able to automatically create a tree rooted at the MAP



connected to the wired infrastructure, called Master MAP, and
it supports legacy wireless terminals transparently; the terms
Master MAP and root MP will be used interchangeably. By us-
ing overhead analysis and experimental evaluation, the higher
efficiency of WiFIX and the good performance, concerning
throughput and delay, is demonstrated. While WiFIX has been
developed having Wi-Fi networks in mind, it is able to support
other 802-based networks. The reference scenario for WiFIX
is presented in Fig. 1.

Our contribution is two-fold. Firstly, we show that a simpler
mesh networking solution is preferable to more complex
solutions that do not bring up any benefit for the major
application scenario of mesh networks. Secondly, we propose
a new mesh networking solution that can support any 802-
based technology.

The rest of the paper is organized as follows. Section II
presents the tree-based proactive mechanisms proposed in the
IEEE 802.11s draft standard. Section III details the WiFIX
solution, Section IV describes the WiFIX implementation,
and Section V provides the comparison between WiFIX and
IEEE 802.11s signalling overheads as well as the experimental
evaluation of the two solutions. Finally, Section VI draws the
main conclusions.

II. TREE-BASED ROUTING IN IEEE 802.11S

The IEEE 802.11s draft standard [2] defines a tree-based
routing solution for the scenario of wired infrastructure ex-
tension. The Hybrid Wireless Mesh Protocol (HWMP) is the
default routing protocol specified in 802.11s. It addresses
the extension of the wired infrastructure to 802.11 stations
(STAs) by means of a tree-based routing solution. A node
in the mesh network is configured as a special MP, called
root MP. The root MP is usually connected to the wired
infrastructure and announces itself to the other MPs, leading
to an active topology defined by a tree rooted at the former.
HWMP defines two mechanisms for creating the tree: the
proactive Path Request (PREQ) mechanism and the proactive
Root Announcement (RANN) mechanism.

In the proactive PREQ mechanism the root MP periodically
and proactively broadcasts a PREQ message with increasing
sequence numbers. Upon receiving the PREQ message, an MP
creates or updates the path to the root MP in its local forward-
ing table and, if the PREQ received allowed the creation of a
better or a newer path to the root MP, it broadcasts an updated
PREQ (TTL, hop count, path metric) to its neighbours. By
using this mechanism, the PREQ originated at the root MP
is propagated to all nodes in the mesh network. After the
reception of the PREQ, an MP may need to send a Path Reply
(PREP) in response to the PREQ (registration mode) in order
to establish a path in the opposite direction, i.e., to the root.
The need to send this response is defined by a flag included in
the PREQ message. If the flag is not set, a tree of paths from
all MPs to the root MP is set up but the MPs are not registered
proactively at the root. A source MP may alternatively send a
gratuitous PREP before sending the first data frame, in order
to register its address at the root and create a path in the

opposite direction; nonetheless, this mechanism only works
for communication sessions initiated in the mesh.

The proactive RANN mechanism represents the second tree-
based routing solution. The root MP periodically broadcasts
a RANN message with increasing sequence numbers. Unlike
what happens in the PREQ mechanism, the RANN message
is only used to disseminate the metrics of the paths from the
root MP to the MPs, across the mesh; it is not used to create
or update any path in the forwarding table. Upon receiving the
RANN message, an MP sends a unicast PREQ requesting a
path to the root MP. This message is sent to the neighbour from
which the RANN message with lowest metric value has been
received. The root MP sends a PREP message in response to
the unicast PREQ. This solution ensures the establishment of
the best path between the current MP and the root MP. Besides
registering at the root MP, an MP broadcasts an updated
RANN (TTL, hop count, path metric) to its neighbours. This
way, the information on path characteristics (metric) to the
root will be disseminated to all nodes in the mesh network.

III. WIFIX SOLUTION

Taking into account the limitations and the complexity of
existing solutions, a new solution, called Wi-Fi network In-
frastructure eXtension (WiFIX) is proposed. WiFIX targets the
main application scenario for mesh networks – the extension
of the wired infrastructure for providing pervasive Internet
access. The solution is simple and conservative. It reuses solid
and widely used concepts such as 802.1D bridges and their
simple learning mechanism for frame forwarding, and is based
on a single-message protocol that enables the self-organization
of the WMN. Also, it avoids the complexity of the 802.11s
proactive mechanisms.

In what follows, we present the encapsulation method used
in WiFIX to allow multi-hop forwarding within a WMN based
on legacy IEEE 802.1D bridges, the mechanism used to create
the active tree topology rooted at the node connected to the
infrastructure, and the forwarding process of both unicast and
broadcast data frames.

A. Eo11 Encapsulation

In order to enable multi-hop forwarding four MAC ad-
dresses are required as defined in the 802.11 WDS format.
Two addresses are needed to store the original source and the
final destination of a data frame and other two are required
to identify the intermediate source and the intermediate des-
tination at each hop; otherwise, frame forwarding does not
work. The WDS format could be considered in WiFIX. Yet,
WDS links need to be manually configured for each peer MAP.
A possible solution to overcome this limitation would be to
define a new mechanism to automatically establish them. Still,
that approach would have problems, namely with respect to
reconfigurations when the mesh topology changes, since each
MAP would have to perform time-consuming 802.11 scans
to find its neighbour MAPs and establish new WDS links.
On the other hand, the WDS format is not supported by all
off-the-shelf hardware. To overcome these problems, WiFIX



Figure 2: 802.11 frame format.

Figure 3: Eo11 frame format.

configures the NICs of each MAP used for intra-mesh com-
munication in 802.11 ad-hoc mode. This has two advantages:
1) ad-hoc mode is supported by all 802.11 hardware; 2) in ad-
hoc mode the 802.11 network is maintained in a distributed
manner and is identified by a Service Set Identifier (SSID),
which avoids 802.11 scans. Nevertheless, the use of 802.11
ad-hoc frame format (Fig. 2) has a limitation: only two MAC
addresses are available for frame forwarding purposes. The
two additional addresses need to be stored somewhere in the
data frames.

The approach adopted was to define a new header type
and encapsulating data frames using a tunnelling mechanism,
called Ethernet-over-802.11 (Eo11). Fig. 3 shows the Eo11
frame format. The original source and destination addresses
are stored in the inner header of the data frame and the outer
header contains the intermediate source and destination MAP
addresses, which are changed at each intermediate MAP. The
endpoints of a tunnel are located at neighbour nodes in the
active topology. In this configuration each WMN node forces
a frame to go through the next hop (intermediate destination).

B. Active Tree Topology Creation

The active tree topology rooted at the Master MAP is cre-
ated using a new mechanism called Active Topology Creation
and Maintenance (ATCM). In ATCM, a Topology Refresh
(TR) message, whose format is shown in Fig. 4, is sent
periodically by the Master MAP. The other MAPs forward
this message, upon updating the required fields (e.g., parent
address, TTL, distance). The TR message allows each MAP
to select the parent providing best connectivity towards the
Master (in number of hops), while enabling (1) the parent to
be informed about new child nodes that have chosen it and (2)
the establishment of Eo11 tunnels between the parent and its
children. The relevant information carried by the TR message
is the following: 1) distance (number of hops to the Master); 2)
sequence number, to avoid loops; 3) parent address; 4) protocol
version; 5) time-to-live, which reflects the maximum number
of hops to be traversed by this message. This information is
complemented by the current node address and Independent
Basic Service Set (IBSS) address, carried in the regular 802.11
frame header.

The ATCM mechanism is similar to the 802.11s mecha-

Figure 4: Topology Refresh message.

nisms described in Section II. Still, it includes new features
regarding the creation of the Eo11 tunnels. Also, in ATCM,
the TR message is simultaneously used (1) to announce the
Master MAP and (2) to notify upstream neighbours that a
given child has selected it as its parent node in the tree.

C. Unicast Frame Forwarding

The tunnel endpoints created using the ATCM mechanism
act as ports of a conceptual 802.1D learning bridge. The Eo11
encapsulation makes it possible for a node to send a unicast
frame to the neighbour at the other end of the tunnel, while
still maintaining the original source and destination addresses.
Moreover, the bridge does not need to work in promiscuous
mode, since a unicast frame destined to a node multiple hops
away from the source will have as outer destination MAC
address the next hop in the path towards the destination. The
original unicast frame is decapsulated at every node. The
learning bridge algorithm will then process a unicast frame
according to the following rules:
• upon receiving a unicast frame from a tunnel endpoint,

add a pair (frame source address on Eo11 header, port
corresponding to the tunnel with endpoint equal to
Address 2 of 80211 header) to the bridge forwarding
table;

• if the unicast frame destination address exists in the
bridge forwarding table, send the frame to the tunnel
endpoint stated in the bridge forwarding table (the frame
is afterwards encapsulated with Eo11 and sent to the
associated endpoint address);

• if the unicast frame destination address does not exist in
the bridge forwarding table, send the frame to all tunnels,
except the one the frame was received from.

The rules are essentially those stated in the original 802.1D
learning bridge algorithm. The differences (in bold) have
mostly to do with the fact that the ports of the 802.1D bridge
are actually tunnel endpoints.

D. Broadcast Frame Forwarding

If the destination address of a frame received by the IEEE
802.1D bridge is the broadcast address, the bridge will send
the frame to all ports (tunnel endpoints), except the one
the frame was received from. This means that to forward
broadcast traffic inside the mesh network the encapsulation
of the broadcast frames into a unicast frame per neighbour is
required. Considering that a node has a tunnel per neighbour,
the broadcast frame is sent n−1 times in unicast encapsulated
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Figure 5: Interaction between WiFIX and its peer Linux
modules.

with Eo11, where n defines the number of nodes forming the
mesh network. This enables the support of reliable and more
efficient broadcast forwarding than in 802.11s. 802.11s uses
pure flooding for coping with broadcast traffic, which leads
to n transmissions per broadcast message, while it does not
provide any reliability for broadcast traffic.

IV. WIFIX IMPLEMENTATION

The Linux Operating System (OS) provides the means to
implement WiFIX: an 802.1D software bridge and tools to
create virtual interfaces. Using these tools, WiFIX creates and
deletes virtual interfaces and performs Ethernet-over-80211
encapsulation. The Linux bridge1 is flexible enough to support
the virtual interfaces. It expects them to behave like Ethernet
devices and have a 6-byte MAC address. As the ATCM
mechanism used by WiFIX enforces a loop free topology,
the spanning tree protocol is disabled. Fig. 5 illustrates the
modules involved in the implementation, and their interactions.
The WiFIX daemon seats between the virtual interfaces,
represented by taps, and the wireless NIC. The Eo11 tunnels
are implemented using tap interfaces as basis. tap interfaces
are enabled by the vtun module2. They are virtual interfaces
that behave like Layer-2 Ethernet devices from the upper layers
point of view; in the implementation, a tap behaves as a
tunnel endpoint. The WiFIX daemon accesses the wireless
NIC using a Linux packet socket. The packet socket allows the
reception of frames with a predefined Ethertype and enables
the application using it to specify the source MAC address,
the destination MAC address, and Ethertype of a frame to be
received. These features are valuable for our goals, given that
the proposed solution requires that WiFIX processes the Eo11
Ethertype and replaces the MAC address of the frame.

V. EVALUATION

The performance of WiFIX was studied by means of
theoretical analysis and real experiments. In this section, we
first evaluate the overhead of WiFIX and compare it with
the 802.11s tree-based routing mechanisms. Afterwards, we
present the experimental results obtained using a test-bed
running WiFIX and IEEE 802.11s, considering throughput and
delay as the performance metrics.

1http://linux-net.osdl.org/index.php/Bridge
2http://vtun.sourceforge.net

A. Overhead Evaluation

The results obtained for the WiFIX overhead in comparison
with the overhead of the two 802.11s mechanisms are shown
in Fig. 6. In 802.11 systems, it is more suitable to consider
overhead expressed in frames/s, since the medium access
overhead contributes the most to the time required to transmit
a frame. Thus, the results presented herein were obtained
considering frames/s. The refresh period of TR, PREQ, and
RANN was considered to be 1 second, as recommend in [2].
The number of MAPs forming the WMN (n), the lifetime of
the forwarding table entries (LFT ), and the average number
of STAs behind a MAP (nSTA) were varied in the analysis.

The major conclusion is that WiFIX introduces significantly
less overhead than the 802.11s PREQ and RANN mechanisms,
regardless of the lifetime of the forwarding table entries. Even
when LFT = 5s the WiFIX normalized overhead is about 0.8
when compared to PREQ and about 0.5 when compared with
RANN. The WiFIX overhead is higher when small values for
LFT are considered. This was expected, since the lower LFT

the higher the number of times the bridges will send traffic
using the broadcast mechanism. Furthermore, in general, the
increase in the nSTA value represents an increase in the WiFIX
overhead; this is particularly observed for LFT = 5s and
LFT = 10s.

B. Experimental Evaluation

In order to show its feasibility and good performance,
WiFIX was experimentally evaluated, using 802.11s as a
benchmark. The experimental setup and the results obtained
for WiFIX and 802.11s are described in what follows. The
existing open-source implementation of 802.11s3 was used as
a basis for our experimental evaluation.

The test-bed deployed for the experimental evaluation is
shown in Fig. 7. Both performance and functional tests were
carried out. The INESC Porto’s wired infrastructure was
extended with 10 WMN nodes forming the topology presented
in Fig. 7. In each WMN node, wireless NICs with atheros
chipset were used, in order to be able to run open80211s.
For running open802.11s, it was necessary to compile the
latest Linux 802.11 wireless driver (ath5k); the same driver
was used for WiFIX, for the sake of proper comparison. The
default driver settings were considered in the tests. The rate
of the wireless NICs was set to the maximum bit rate possible
(currently 11 Mbit/s, due to the problems reported in the
official web site4). The performance tests were made using
mgen and iperf as measurement tools, with all MAPs (1 to 9)
sending traffic to the Master MAP. Both UDP and TCP traffic
tests were carried out, considering sessions of 120 s. Ten tests
were considered for TCP and for each offered rate in UDP. The
average throughput and one-way delay were measured. UDP
tests were made considering six different constant bit rates
(120 kbit/s – 720 kbit/s) for the flows between each MAP and

3http://www.open80211s.org
4http://wireless.kernel.org/en/users/Drivers/ath5k
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Figure 6: WiFIX overhead normalized to the PREQ and RANN overheads.

Figure 7: Test-bed setup.

the Master. The size of the data packets was set to 1500 bytes
and the offered rate was set equal for every node.

The functional tests were performed using WiFIX to extend
the INESC Porto’s Intranet. No changes were made to the
network services already deployed. The INESC Porto’s access
router and DNS servers were used as well. We connected a
Cisco Aironet 1200 AP to the Ethernet port of one MAP. It was
used to enable the Windows XP laptop to access the WiFIX
network and, consequently, the Intranet. After connecting to
the WiFIX network, the laptop obtained an IP address from
the DHCP server (see Fig. 7), and accessed Internet services.
Services such as web browsing, Internet radio streaming, and
VoIP worked without a glitch, in a similar way as if the node
was directly connected to the infrastructure.

The plot in Fig. 8a shows the average throughput for both
solutions. WiFIX provides higher UDP throughput, regardless
of the offered load. This is explained by the unstable paths
established by 802.11s, which uses a new metric called Air-
time Link Metric (ALM), defined as the default path selection
metric for 802.11s WMNs [2]. The ALM metric considers two
constant and two variable parameters. The variable parameters
are the rate at which the NIC is running and the frame
error probability. For all performed tests, the rate was set to

constant (11 Mbit/s). As such, only the frame error probability
contributed to the difference between path costs. The 802.11s
path refresh mechanism allows the establishment of a new high
quality path (in terms of ALM) if the current path becomes
worse. A given MP detecting a path with better ALM metric
(usually including unloaded links, with lower frame error
probability) selects it as its new path. However, shortly the new
path will suffer a metric degradation, since the current node
(and maybe other nodes) chose it as the new path. The previous
path may become a good path again and a new change may
occur. This leads to frequent oscillations in the paths between
MPs and the root MP (as verified during our tests), as well
as the concentration of traffic in some paths, which overall
contributes to increase the packet loss in the WMN and reduce
throughput; this effect was also verified by Garroppo et al.
[12]. The plot in Fig. 8a shows the average throughput that
would be obtained for 802.11s if the hop count metric was
used instead of ALM; as expected, the average throughputs
of WiFIX and 802.11s are similar, since the same active tree
topology is employed. This confirms that the use of the ALM
metric is the reason for the lower 802.11s throughput.

The plot in Fig. 8b presents the one-way delay for WiFIX
and 802.11s. In general, a higher delay is obtained for WiFIX.
This is due to the higher number of packets transported by
the WMN when WiFIX is used. For 802.11s, there is a higher
packet loss, which leads to less traffic in the WMN. Therefore,
the network delay becomes lower than for WiFIX, as expected.
Concerning lower offered rates (≤ 240 kbit/s), which defines
the cases where the network is operating below the saturation
point, both solutions provide similar delays.

The TCP throughput between a MAP and the Master MAP
was also measured in our experimental evaluation. As for
UDP, the throughput achieved using WiFIX is higher than for
802.11s; the reasons are the same mentioned for the UDP
results. Due to space limit, the TCP results are not provided
here.
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C. Discussion

IEEE 802.11s and the other solutions referred to in Section
II perform explicit signalling to establish paths. Conversely,
WiFIX takes advantage of the frequent data frames exchanged
between each 802.11 STA and the Master MAP. Due to the use
of 802.1D bridges, path establishment is implicitly performed
by the data frames, either user data or signalling messages. The
major advantages of WiFIX are: 1) the use of learning bridges
and a single-message protocol to create the tree rooted at the
Master; 2) the lower overhead when compared to PREQ and
RANN mechanisms.

The overhead results show the higher efficiency of WiFIX
when compared to the 802.11s tree-based solution, regardless
of the lifetime value selected for the forwarding table entries,
which is recommended to be five seconds in [2]. Even for that
value the WiFIX overhead is significantly below the overheads
of the proactive 802.11s mechanisms. The experimental anal-
ysis performed using the developed prototype shows the good
performance of WiFIX when compared to 802.11s. It provides
higher throughput and similar delay when the offered load is
equal to or lower than the maximum capacity of the WMN.
Theoretically, the use of the ALM metric to compute the
communication paths is better than the number of hops. When
using the number of hops every link is considered to have the
same quality. Using the ALM metric, links with lower quality
may be avoided. Still, the experimental results contradict this
and show that ALM metric leads to worse results than when
using the number of hops. The performance analysis carried
out herein focused on the prominent infrastructure extension
scenario. Regarding intra-WMN communication, WiFIX may
be worse than 802.11s, due to the use of a single active tree
rooted at the Master MAP for this type of communication too.

VI. CONCLUSION

With the need for pervasive global connectivity due to
the increased number of multimedia services and applications
running over the Internet, IEEE 802.11 mesh networks are
gaining momentum as a means to extend the radio coverage of
current Wi-Fi networks. Mesh networking proposals have been

based on Layer-3, Layer-2.5, or Layer-2 solutions that either
have disadvantages in terms of address auto-configuration
or are too complex concerning the main target scenario for
mesh networks. In this paper we proposed a new and simple
solution, called WiFIX, which is based on legacy technology,
exhibits good performance, and is more efficient than the
802.11s tree-based solution. Current Wi-Fi APs can simply
be upgraded with the WiFIX software package and be used
to extend existing network infrastructures automatically and
more efficiently. In addition, WiFIX is not limited to 802.11
mesh networks. It can be used for creating 802 mesh networks
in general.
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