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Abstract

With current amendments, transmission rates of 100 Mb/s and more become possible with IEEE 802.11 WLANs. On
the one hand, this allows the end user to change from wired to wireless infrastructure in even more application scenarios;
on the other hand interference sensitive modes reduce the maximum range between the mobile station and the access point
(AP). To extend the transmission range transparently, relay APs form a mesh network and provide wireless connection
over large areas.

Besides path selection, a crucial capability of a wireless mesh network is the ability to share the available spectrum
among the participants. In this work, we classify two inherently different MAC protocols according to this ability. The
well-known IEEE 802.11 DCF takes the position of a typical CSMA/CA protocol, whereas the Mesh Network Alliance
(MNA) represents a distributed, reservation-based approach.

To assess their performance, we follow a dual approach: first we develop a method to compute the capacity bounds of
the protocols in the considered scenarios. It helps to estimate the absolute gain of spectrum sharing in wireless mesh net-
works. Second, the WARP2 simulation engine is used to compare the distributed behaviour of both protocols. This results
in a relative evaluation. A final conclusion is drawn by combining the simulation and the theoretical results. It underlines
the significant possibilities of the MNA approach and shows future directions for capacity gains.
� 2007 Elsevier B.V. All rights reserved.
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wireless networks seem to make the vision of a
wire-free, ubiquitous access to any type of media a
reality: data rates of 100 Mb/s are advertised for
the newest WLAN standard IEEE 802.11n [1]; pro-
totypes supporting more than 1 Gb/s are expected
to follow.

However, the highest data rates are available
over short distances only. Fig. 1a plots the received
signal power versus the distance between transmit-
ter and receiver, assuming a transmission power of
.
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Fig. 1. At 23 dBm transmission power and an assumed path loss factor c = 2.4, the IEEE 802.11a 54 Mb/s transmission mode is able to
cover distances of approximately 50 m. Furthermore, the performance depends severely on the signal to interference plus noise ratio
(SINR). (a) Received power vs. distance. (b) Packet error rate (PER) vs. SINR.
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23 dBm and a path loss factor of c = 2.4, given line
of sight conditions. Even the support of 54 Mb/s
with the existing IEEE 802.11a physical layer
(PHY) [2] standard is questionable for distances of
more than 50 m under the best outdoor conditions.
This implies a high density of portals which need to
be connected to the wired network, resulting in high
installation costs.

A promising and cost-efficient way out of this
rate-increasing and range-decreasing trap is the
introduction of wireless relays. If a single portal to
the wired infrastructure is not sufficient to cover a
given area with high-speed wireless access, several
relay nodes are added which connect with each
other, forming a mesh topology. The user associates
with one of those nodes, and it is its duty to forward
packets via other nodes to the portal and back.

While this solution efficiently decreases the aver-
age distance between transmitter and receiver, new
challenges are introduced. As Fig. 1b shows, the
obtainable data rate of a wireless link depends as
well on the signal to interference plus noise ratio
(SINR). Due to the increase of the number of trans-
missions and nodes which are in the proximity of
each other, the interference from other transmis-
sions and the resulting packet collisions become
the limiting factor to the network capacity. There-
fore, it is crucial in mesh networks that the partici-
pating nodes share the scare resources of the
wireless channel in the most efficient way. This
problem is widely known in the cognitive radio
community as ‘‘horizontal spectrum sharing’’.

This article describes both the theoretic potential
and the current state of the art in spectrum sharing
in mesh networks. We concentrate on the upcoming
standard for wireless mesh networks, which is cur-
rently being elaborated by the IEEE task group
(TG) 802.11 ‘‘S’’. In this group, two different
approaches for the medium access control (MAC)
are discussed: maintaining the contention-based
IEEE 802.11 MAC or introducing a new reserva-
tion-based approach; both are outlined shortly in
Section 2.

In our previous work [3], we studied the perfor-
mance of the two protocols in a simple scenario
using simulations. The article extends our results
by (i) an information-theoretic analysis of the max-
imum achievable throughput capacity of the two
protocols in Section 3, (ii) a discuss on the spec-
trum-sharing capabilities in Section 4 and (iii) a
detailed simulation performance evaluation of the
distributed protocols in Section 4.3.

The final conclusion in Section 5 merges the find-
ings from the theoretical analysis and the simulations,
which presents a fundamentally new approach to
evaluate the spectrum sharing capabilities of the
two protocols.

2. Mesh WLAN – IEEE 802.11s

The basic element of the standard IEEE 802.11 is
defined as the basic service set (BSS), consisting of
one stationary AP and the mobile STAs. To cover
a large environment, an extended service set (ESS)
is required, formed by several APs interconnected
by the distribution service (DS). In the standard,
the exact implementation of the DS is not specified,
usually a wired network is assumed.

The IEEE 802.11 TG ‘‘S’’, founded in 2004, has
the aim of elaborating an amendment to the current
standard that defines a wireless distribution system
(WDS) using mesh technology [4]. APs which are
able to participate in the mesh network are conse-
quently called mesh access points (MAPs).
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2.1. Usage models

The usage models described in [5] contain
abstract descriptions for the scenarios residential,
office, campus/community/public access, public
safety and car to car, ordered in decreasing impor-
tance. In the following, we present realizations of
two prominent scenarios, residential and public
access. All further evaluations will be made for
in those two scenarios, using the discussed param-
eters.
2.1.1. Residential scenario

In the first scenario, displayed in Fig. 2, the mesh
network is built in a small neighbourhood, consist-
ing of four small homes. Wireless connectivity is
provided for the 11 associated legacy 802.11 STAs
over routes with one, two and three hops.

The walls in the scenario have an attenuation of
11.8 dB which represents concrete building walls [6].
Furthermore, we assume that the transmission
power of the STAs and MAPs is restricted to
20 dBm, the path loss factor c is set to 3.5 to
abstract the severe shadowing conditions due
to other obstacles between the homes, e.g., trees,
cars, etc.
2.1.2. Public access scenario

The second scenario exemplifies the provisioning
of high-rate data services to dense urban environ-
ments. Fig. 3 displays a deployment concept where
connectivity is provided by nine MAPs. They are
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Fig. 2. Residential scenario: the mesh network is built in a small
neighbourhood. Nine MAP provide the wireless access to the
associated STA using one-, two- and three-hop routes.
colocated with the traffic lights at the street cross-
ings and cover an area of 700 m · 700 m with wire-
less network access. The central MAP acts as a
portal to the wired infrastructure.

Similar to the residential scenario, the wall loss of
the buildings in between is set to 11.8 dB. The trans-
mission power is increased to dBm to account for
the larger distances. MAPs are equipped with direc-
tional receiving antennas which amplify the signal
power by 20 dB for communication with other
MAPs. Furthermore, the path loss factor c is
reduced to 2.4 to reflect the systematic placement
of the MAPs at a higher elevation on the traffic
lights.
2.2. Design alternatives for the IEEE 802.11s MAC

The mandatory set of functions for MAPs
addresses requirements for security, path selection
and MAC. Two alternative solutions are under
discussion for the MAC protocol: maintaining the
legacy IEEE 802.11 or introducing a new, but back-
ward-compatible MAC. While the following section
summarises the first approach, Section 2.2.2
describes one of the most innovative proposals for
the second one.
2.2.1. IEEE 802.11 distributed coordination function

(DCF)

A straightforward proposal for the MAC is the
application of the DCF, based on carrier sense mul-
tiple access (CSMA)/collision avoidance (CA) and
well known from the current IEEE 802.11 standard
[2]. An extension of this proposal uses the amend-
ment ‘‘E’’, which allows prioritizing the mesh traffic
over the BSS traffic. As it provides only a soft, ran-
dom based differentiation of the traffic classes, its
usefulness degrades if many legacy 802.11 STAs
participate [7].
2.2.2. Mesh network alliance (MNA) coordination

function

One distinct feature of the MNA protocol is the
segregation of the BSS traffic from the mesh traffic
even if legacy 802.11 STAs exist. In this section we
only give a short overview of the basic mechanism
and structure of the MNA MAC coordination func-
tion for IEEE 802.11s. A deeper insight to the pro-
tocol can be found in [8].

In the proposal, the 802.11 contention free period
(CFP) is used to silence all associated STAs period-



Fig. 3. Public access scenario: the WDS is provided using several MAP in a densely populated area. The MAPs are mounted on the traffic
lights, 50 STAs are situated randomly on the streets.
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ically: after the announcement of a CFP via a bea-
con transmission, all legacy STAs defer from access-
ing the medium during the advertised time.
Therefore, this period can be used as an exclusive
resource for the mesh traffic; channel access is per-
formed using a new, distributed time division multi-
ple access (TDMA) scheme.

Time during the complete CFP is divided into
equal length slots called mesh transmission oppor-
tunity (MTXOP). During the first part of the
CFP, beacons are broadcasted from all MAPs.
Besides announcing the beginning of a CFP to their
associated STAs, the beacon is also used to coordi-
Contention Free Period (CFP)
Mesh Traffic

Contention Per
Legacy 802.11 B

Beacon Beacon

MAP A MAP B MAP D

Beacon Period Reservation

Beacon

Fig. 4. Sharing of the medium using the MNA MAC protocol: during
MAPs can use a reservation-based medium access without prior backo
nate the mesh network by providing information
about the current synchronisation state, the mesh
neighbourhood and the occupation of the subse-
quent mesh traffic period (MTP). The remaining
CFP is used for data exchange between the MAPs.
Fig. 4 gives an overview of this timing structure,
the different periods together with their access pro-
tocols are explained in the following.

Beacon Period Access Protocol. For a successful
transmission of the beacons in the beginning of
the CFP, a protocol for collision-free broadcast
is provided. In the proposal, a slotted ALOHA
iod (CP)
SS Traffic

t

Mesh Traffic Period

DATA DATA

the CFP, the STAs defer from accessing the medium, so that the
ff.
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protocol is used which is improved by a dissemi-
nation of the information about occupied slots.
Thus, all MAPs are informed of the beacon
broadcasts in their larger neighbourhood and
collisions can be resolved.
Distributed Reservation Protocol. The remaining
time of the CFP, after the (variable-length) Bea-
con period (BP), is used for data transmissions
between the MAPs. In contrast to the DCF, a
reservation-based protocol is used during this
time: before a transmission, a three-way hand-
shake between the transmitter and the receiver
is used to reserve MTXOPs, which are occupied
in every superframe until the reservation is
closed.

Neighbouring MAPs repeat the occupation
within their beacons to support a collision-free
access during the MTXOPs. As the transmitter
can rely on freedom from collisions, it can start its
transmission at the beginning of the reserved
MTXOPs.
3. Capacity bounds of spectrum sharing

To quantify the theoretical potential of spectrum
sharing using the presented MAC protocols in mesh
networks, we perform an information-theoretic
analysis of the maximum achievable throughput
capacity in the presented scenarios. The PHY,
MAC, scheduling and routing algorithms which
are used in a real system are abstracted as a black
box by defining the behaviour without stating how
it is achieved. With this strategy it becomes possible
to compute the maximum achievable throughput
capacity in a given scenario, even under theoretical
assumptions which are not achievable in reality,
e.g., an optimal scheduling.

A similar approach can be found in [9] where the
capacity of artificial and random ad hoc networks is
estimated. In contrast to their work, we focus on
real-world networks, deployed in realistic environ-
ments where the capacity bounds are still unclear.
3.1. The physical layer model

The physical layer model provides a decision
function when a packet transmission is successful,
i.e. the packet is decoded error-free at the receiver.
In our model, when node Ni transmits, node Nj

receives the packet with power Pi, j
P i;j½dBm� ¼ P i½dBm� � 20log10

4pd0

k

� �
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

free space path loss at distance d0

� 10clog10

di;j

d0

� �
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Path loss at distance d

� wi;j � CðkÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
attenuation due to walls

ð1Þ
where Pi is the transmission power of node Ni, d0

and di, j denote the reference distance and distance
between transmitter and receiver; d0 is set to 1 m,
k expresses the mean wavelength, c is the path loss
factor, wi, j counts the number of walls the signal
has crossed between the two nodes and C(k) is the
mapping of the used wavelength to the typical atten-
uation of a concrete wall at this wavelength.

If several concurrent transmissions are active, not
only the reception power but also the mutual inter-
ference plays an important role. This is modelled by
the SINR ratio which is computed for every set of
concurrent links separately: let {Nt:t 2 T} be the
set of transmitting nodes at a given time. If node
Nj, j 62 T receives packets from node Ni, i 2 T, the
SINR at Nj is
SINRi;j ¼
P i;j

Noise þ
P

k2T ;k 6¼iP k;j
: ð2Þ
For a successful packet transmission from Ni to Nj,
a set of conditions has to be fulfilled:

Mutual Tx/Rx. The transmission from Ni to Nj is
unique, i.e., both Ni and Nj cannot transmit/
receive to/from another node during the same
time.
RxPower. The reception power Pi, j must exceed a
threshold ThresP(MCS), which depends on the
applied modulation- and coding scheme (MCS).
SINR. The SINRi, j during the transmission must
be above a threshold ThresSINR(MCS).

Both thresholds depend on the MCS which is
selected by the transmitter. We assume that the
transmitter is able to determine the highest MCS
out of the possible schemes defined by the PHY
model which results in a packet error rate (PER)
of less than 10%.

We restrict our analysis to the IEEE 802.11a
OFDM PHY, which is used by both the legacy
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IEEE 802.11 and the MNA MAC. It is represented
by the parameters in Table 1.
3.2. The medium access control model

One of the major tasks of the MAC is to avoid
collisions of packets in the case of several contend-
ing transmitters. Usually, this functionality is
provided by protocol overhead, e.g., the backoff,
RTS/CTS frame exchange and retransmission
schemes defined in the IEEE 802.11 MAC protocol.

To estimate the maximum achievable throughput
for a wireless network, an optimal scheduling is
assumed: each node is omniscient and schedules its
transmission times so that no collision occurs. Fur-
thermore, it is able to make usage of spatial reuse by
transmitting concurrently to other nodes if the
threshold demands for the SINR are kept for all
links. The goal of the optimisation is to find the
schedule among all possible sequences of (concur-
rent) transmissions which minimises the occupied
resources, i.e., the time needed to fulfil all traffic
demands.
3.2.1. Scheduling

Time is divided into intervals of 1 s length and in
each interval the same schedule is applied. A sche-
dule is defined as a list ((NS1,d1); (NS2,d2); . . . ,
(NSs,ds)) of network states NS and durations d. A
network state represents a possible activity in the
network by enumerating the active transmitters,
receivers, the used MCSs and the source and desti-
nation of the packets. A network state is feasible if
each transmission is successful according to the
PHY conditions; a schedule is feasible if all used
network states are feasible and all traffic is trans-
ported from the sources to the destinations. Finally,
a feasible schedule is optimal if no other feasible
schedule exists with a lower sum of durations.
Table 1
PHY parameters for the IEEE 802.11a PHY model, scenario dependen

Transmission power
Wavelength (k)
Path loss factor (c)

Wall attenuation (C(k))
Background noise (N)
ThresP (MCS)
ThresSINR(MCS)
The calculation of the optimal schedule is divided
into two steps. In step one, the set of feasible net-
work states is computed, denoted as NS. This is
done in several iterations: first, we start with the
set NS1 consisting of all network states with at most
one transmission. Then, we successively generate
NSc+1 by convolving the network states out of
NSc with the network states out of NS1. This results
in all feasible network states with c + 1 concurrent
transmissions. The process is repeated until the
round c* where no new feasible network states can
be found; NS is set to the union of all NSc,
c = 1 . . . c*.

The second step uses the set NS to compute the
optimal scheduling. First, each found network state
NS 2 NS is transformed into a matrix with entries

NS½i;j� ¼

r; if node Nj transmits data with r Mb=s

which origined at node Ni;

�r if node Nj receives data with r Mb=s

which origined at node Ni;

0 otherwise:

8>>>>>><
>>>>>>:

ð3Þ
Then, the traffic demand matrix T is generated in
the same manner from the traffic requirements, enu-
merating the sources and the sinks instead of trans-
mitters and receivers. Combined with the set NS in
matrix form, the optimisation problem of finding
the optimal schedule is translated into an instance
of linear programming (LP):

minimise f ðdÞ ¼
X

i¼1...jNSj
di

such that
X

i¼1...jNSj
di �NSi P T

0 6 di 6 1 i ¼ 1 . . . jNSj ð4Þ
t [6]

Scenario dependant, 20 dBm or 23 dBm
c0/5.5 GHz

3:5 for the residential scenario scenario

2:5 for the public access scenario

�

11.8 dB
�95 dBm
�82 . . . �65 dBm, set according to [2]
8 . . . 26 dB, set according to [11]
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This task can be solved by any optimisation tool-
box, e.g., the one included in Matlab. The resulting
output vector d� ¼ ðd�1; . . . ; d�jNSjÞ assigns the dura-
tions to the network states. Finally, the resource
utilisation of the network which is needed to carry
the induced traffic is

RUðNS; T Þ ¼
X

i¼1...jNSj
d�i ð5Þ

The complexity of both parts of the algorithm (the
creation of the network states and the solving of
the (LP) instance) depends on the final number of
network states jNSj. As its size grows exponentially
with the number of nodes, the method is restricted
to networks of about 25 nodes and less. Therefore,
techniques are applied which use heuristics to de-
crease the number of generated network states with-
out lowering the solution quality.

The Early Cut heuristic computes for each NSc

the resource utilisation, RU(NSc,T), and stops the
process if no further improvement can be found,
i.e., RU(NSc,T) > RU(NSc�1,T) � t, with a small
threshold t. Selective Growing uses the observation
that only a few network states among the created
ones are used by the (LP) in the optimal solution:
to generate NSc+1 at each step, only network states
with a non-negligible duration from NSc are used.
The combination of both heuristics makes it possi-
ble to approximate the lower bound for the resource
utilisation (and thus the upper bound for the capac-
ity) with a negligible error [10].

3.2.2. Spectrum sharing

For the evaluation of different spectrum sharing
strategies, we define three possible modes: no, cau-
tious, and optimal concurrent transmissions:

No concurrent transmissions: The simplest strat-
egy to share the available spectrum is the TDMA
approach: medium access is restricted to one
node per time; no concurrent transmissions are
allowed to take place.
Cautious concurrent transmissions: A first
approach to a more intelligent spectrum sharing
is enabled by allowing concurrent transmissions.
With this setting, they are restricted to take place
only if the two links are separated by at least one
building.
Optimal concurrent transmissions: This spectrum
sharing model allows any concurrent transmis-
sion with the power and SINR restrictions from
Fig. 1. Thus, all nodes have the maximum degree
of freedom in placing their transmission times
and rates.

The generation of the network states for the
scheduling is restricted to the states which contain
only links that conform to the current setting.

3.2.3. Link overhead

In the PHY model, gross data rates have been used
to describe the performance of the links. This theo-
retic value cannot be reached because of the overhead
of the frame headers, idle times and ACK frames,
which might need substantial resources for small
packet sizes. Hence, the frame overhead is incorpo-
rated into the analysis by multiplication of the gross
rates with the efficiency, which depends on the used
packet size. While this incorporates the link overhead
of the protocol under investigation, the network
overhead which results from the multiple access pro-
tocol (i.e., CSMA/CA in the 802.11 case) is not
modelled.

3.3. Routing model

As we do not investigate different routing algo-
rithms, we apply shortest path routing among the
nodes in the mesh network, with a hop weight of
one. This enables a fair comparison of the perfor-
mance of IEEE 802.11 and MNA.

3.4. Evaluation

The first evaluation of the maximum achievable
throughput considers the residential scenario,
depicted in Fig. 2. Traffic is induced at the central
portal/MAP into the network, the payload size is
set to 80 B and the link overhead accordingly to
the applied MAC protocol.

Fig. 5 presents the resulting resource utilisation if
the three described spectrum sharing modes are
combined with the MAC protocols. If the traffic
load per STA is increased, more resources to trans-
port the data from the portal to the STAs are
required. Consequently, RU approaches 100%. If
no concurrent transmissions are allowed, this limit
is already reached at about 150 kb/s for legacy
802.11 and kb/s for MNA.

Besides the comparison of the two protocols,
Fig. 5 shows the impressive differences among the
spectrum sharing modes. If the cautious concurrent
transmissions mode is applied, the resource utilisa-
tion is reduced from 100% to 70%. Furthermore,
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the most advanced method, which allows all possi-
ble concurrent transmissions and gives the nodes
the maximum freedom to schedule the transmissions
in the most optimal way, provides enough capacity
to halve the RU – or to double the carried traffic.

In the public access scenario (Fig. 3), the payload
size is increased to 1000 B to reduce the effect of the
different link overheads. Similar to the traffic in the
residential scenario, we consider only downlink
routes to the STAs.

The resource utilisation for the different spectrum
sharing abstractions is shown in Fig. 6. In this sce-
nario, the maximum offered traffic per STA is lim-
ited to 180 kb/s/300 kb/s for the legacy 802.11 and
the MNA, respectively. The activation of cautious
concurrent transmissions lower the resource utilisa-
tion to 55%; with optimal concurrent transmissions,
about 40% is used. Hence, in this scenario the intel-
ligent spectrum sharing is even more beneficial than
in the residential scenario. This effect can be
explained with the enlarged possibilities of the mul-
tiuser diversity: the increased number of STAs
increases the number of possible network states,
which allows the optimisation algorithm more
choices to compute the minimal resource utilisation.

Another conclusion can be drawn from the small
increase from cautious to optimal concurrent trans-
missions: while an intelligent spectrum sharing
method improves the performance, it is not neces-
sary to target maximum spatial reuse, as the further
benefit is small in comparison to the expected
complexity.

These conclusions can now be used for the dis-
cussion of distributed mechanisms which enable
intelligent spectrum sharing with the legacy 802.11
DCF and the MNA MAC.
4. Distributed spectrum sharing

While the benefits of an intelligent spectrum shar-
ing become clearly visible under the assumption of
an omniscient knowledge among the nodes, it is still
unclear how to implement this feature in the pro-
posed MAC protocols for mesh networks. Both
proposals (the legacy 802.11 DCF and the reserva-
tion-based MNA) are based on a distributed archi-
tecture in which each node acts based on its local
information only. Due to the different approaches
of the two protocols, the amount of information
is, of course, very different.
4.1. Legacy 802.11

In the DCF, all decisions are based on the view-
point of the transmitter: the channel is sensed as idle
if the current received signal strength is below a
predefined threshold of �82 dBm [2]. In this case,
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concurrent transmission can take place by chance if
the transmitter has a packet in its queue.

Nevertheless, the sole placement of the decision
at the transmitter and the inability to schedule con-
current transmissions ahead of time reduces the effi-
ciency of the spatial reuse. A very simple scenario
suffices to reveal the drawbacks: in Fig. 7a, two
nodes want to transmit concurrently; the two dis-
tances transmitter to receiver and interferer to recei-
ver can be varied.

If the PHY model elaborated in Section 3.1 is
assumed, it becomes possible to assess whether the
communication between the transmitter and recei-
ver is successful, and what data rate can be used.
As already mentioned, this depends on the received
signal strength and the SINR. For a setting of the
path loss factor c = 2.4 and a variation of the two
distances, Fig. 7b shows in different shades which
data rates will result in a PER of less than 10%.
The white area represents distance combinations
where the SINR is too low for a transmission.

The line which divides the area into two sections
represents the decision boundary for the transmitter
whether to start a transmission or not. Together
with the indication of the data rates, the complete
area is partitioned into four sections:

Upper Left. This section represents the optimal
case: the receiver is near to the transmitter and
far from the interferer. Hence, the concurrent
transmission is started and succeeds.
Upper Right. Here, the transmitter erroneously
detects an idle channel despite the ongoing trans-
mission from the interferer. The concurrent
transmission is started and a collision occurs.
This case is known as the hidden node problem.
Lower Right. In this section, the interference for-
bids any transmission, and this is correctly iden-
tified by the transmitter. Hence, no concurrent
transmission is started.
Lower Left. As in the lower right section, the
transmitter identifies the channel as busy. In con-
trast to the previous case, this decision is too pes-
simistic, as the transmission would succeed and
an opportunity for a shared channel is wasted;
this situation is called the exposed node problem.

Both the hidden and the exposed node problem
lower the capacity of the legacy 802.11 network.
The Hidden Node Problem can partly be solved
with the introduction of the RTS/CTS mechanism
in 802.11, which reserves the channel in a
�82 dBm circle around the receiver. A similar
approach for the Exposed Node Problem can be
found in [12], allowing multiple RTS/CTS to reserve
the channel under special conditions. Both mecha-
nisms introduce severe overhead, especially for
small payloads and high data rates.
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4.2. Mesh network alliance MAC

In contrast to the DCF, the MNA proposal
solves the hidden node problem via a prior reserva-
tion of the medium between the transmitter and the
receiver and a dissemination of this information by
the neighbouring MAPs. But one of the main disad-
vantages of the DCF is even aggravated: due to the
careful blocking of the medium, the exposed node
problem occurs much more often.

To solve this dilemma and to take advantage of
concurrent transmissions, we presented in [3] a
mechanism where MAPs adapt to their environ-
ment by using the process of a cognitive radio,
based on a simplified cognition cycle of [13]:

1. Observe: During the BP, each MAP listens during
the beacon transmissions in the neighbourhood
and records the average received signal strength.
Due to the information dissemination in the bea-
cons, they can map the signal strength to the
transmitter, even if the beacon was not received
successfully. The information is then dissemi-
nated in the neighbourhood.

2. Learn: After several BPs, the MAP learns the
mutual received signal strengths by filtering the
measurements and the received data. It is stored
in the ‘‘world model’’, which is represented by a
fully connected graph: each known MAP is
assigned to a vertex; the edges are weighted with
the learned signal strength. The information in
the graph is updated continously.

3. Decide: The world model is used to judge if a
transmission is allowed to start in a MTXOP
although it is already reserved. If a new negotia-
tion of one or several MTXOPs is started, both
participating MAPs use the information stored
in their graphs to estimate the SINR at the con-
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current receivers with and without the additional
transmission. Thus, it becomes possible to esti-
mate the impact of the new transmission.

4. Act: Depending on the outcome of the decision,
the negotiation for the new reservation is com-
pleted or aborted by one of the participating
MAPs.

With this method, the MAPs can adapt to the
current environment and its requirements for a con-
current transmission. Hence, the decision boundary
(consider Fig. 7b) in this case approximates the
boundary between a successful and a failed trans-
mission, allowing an optimal spectrum sharing.

A world-model improved MAPs has the struc-
ture as given in Fig. 8.

It should be noted that the abstraction made in
the signal strength graph easily incorporates PHY
technologies like directed antennas: if the SINR at
the receiver is improved, the performance is directly
incorporated into the model.
4.3. Evaluation

We use event-driven stochastic simulations to
analyse the performance of the presented distrib-
uted protocols. The simulations were performed
using the Wireless Access Radio Protocol 2
(WARP2) simulation environment developed at
the Chair of Communication Networks, RWTH
Aachen University. It is programmed in the Specifi-
cation and Description Language (SDL) using
Telelogics TAU SDL suite and includes a detailed
Rx

TxOP
Occupation

World M

MTXO
Negotia

Environment,
Neighbors,
Neighbor’s neighbors

Beacon
Reception

Fig. 8. The structure of a cognitive MAP: the world model incorpor
usability of a MTXOP.
implementation of the IEEE 802.11 and the MNA
MAC protocol. The transmission error model is
structured like the PHY model discussed in Section
3.1, but with a much finer description of the cases
where packet error occurs, including a method to
compute the average SINR and a probability distri-
bution for the PER, depending on the MCS. A
detailed description can be found in [11].

As in the theoretical evaluation (Section 3.4), the
two scenarios from Figs. 2 and 3 are examined. To
provide the possibility for a comparison, the same
traffic parameters are used.

In contrast to the theoretical part, the MNAs
MAC protocol cannot be evaluated alone, as it is
embedded into the 802.11 superframe structure. In
the simulations, the MNA protocol is used to trans-
port the mesh traffic during 50% of the time, in the
remaining time the MAPs use the legacy DCF to
communicate with the STAs.
4.3.1. Residential scenario

The results for the residential scenario are given
in Fig. 9. The performance of the spectrum sharing
is measured by the cumulative throughput which is
carried by the network under a given load. Addi-
tionally, each graph in Fig. 9 shows the fraction of
the throughput which is generated by which route.
If the mesh network is based on the 802.11 MAC,
the reachable system throughput is limited to
200 kb/s per route, whereas with the standard
MNA without concurrent transmissions about
300 kb/s can be obtained. Fig. 9c shows the possible
gain in throughput with concurrent transmissions:
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here, up to 500 kb/s is reached until the multihop
routes become saturated.
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Fig. 10. The number of supported stations versus the induced
downlink traffic: While both the IEEE 802.11 and the MNA
MAC can reach about 192 kb/s, the MNA with concurrent
transmissions reaches 256 kb/s.
4.3.2. Public access scenario

In this scenario, we describe the performance by
the number of supported STAs, i.e., the number of
downlink streams which achieve a throughput of
90% or more of the offered traffic. This measure
allows a good evaluation as to whether the pre-
sented protocol is capable of fulfilling the fairness
requirements of the public access scenario, where
each user has some minimum demand for which
they have paid beforehand.

The graph in Fig. 10 shows the results for the dif-
ferent protocols (IEEE 802.11 only and MNA with
and without concurrent transmissions) for different
traffic rates.

In comparison, the MNA protocol without con-
current transmissions and the legacy IEEE 802.11
perform similarly, both allowing up to 192 kb/s
downlink to each of the 50 STAs. Hence, the ran-
dom DCF approach for spatial reuse results in a
comparable result to a protocol which does not
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allow any spatial reuse at all. Above all, the addition
of an awareness to schedule concurrent transmis-
sions to the MNA approach increases the supported
downlink traffic to 256 kb/s for each of the 50 STAs.

An interesting characteristic of the IEEE 802.11
DCF becomes visible in the overload case: while
both MNA protocols are able to support about
50% of the streams with 512 kb/s, the rate drops
to 10% for the contention-based protocol.
4.3.3. Discussion
The results shown in Fig. 11 conclude the perfor-

mance evaluation of this article: in the residential
scenario, the simulated saturation points for both
protocols correspond to the theoretical limit, using
the cautious concurrent transmission mode. This
validates both the theoretical analysis and the con-
clusions already drawn: the intelligent spectrum
sharing performed by the cognitive MAP is able
to improve the system performance significantly.
Furthermore, it demonstrates the capabilities of
the presented distributed mechanism.

In the public access scenario, the theoretical limit
of the cautious and the optimal concurrent trans-
mission mode exceed the results from the distributed
simulations significantly, especially in the MNA
case. Some of the difference can be explained with
the increased load of the BSSs: as more STAs per
BSS exist, the contention for the channel is more
severe than in the residential scenario. This results
in a decrease of efficiency of the DCF, which is used
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Fig. 11. Comparison of the theoretical capacity limit and the
simulative results of the distributed protocols.
during 100% (legacy 802.11) or 50% (MNA) of the
time.

Another factor, especially in the reservation-
based MNA protocol, is the challenge of scheduling
the 50 streams in a distributed fashion. In the cur-
rent implementation, the MAPs perform simple
first-come, first-served reservations, thus fragment-
ing and blocking the Mesh Traffic Period. Addition-
ally, reservations are activated and closed frequently
to align the streams. This introduces overhead
which falls under the category network overhead,
as distinct from the link overhead discussed in the
MAC model. As it is not modelled in the theoretical
analysis, the values differ.
5. Conclusion

In this paper, we have presented and evaluated
the benefits of intelligent spectrum sharing in mesh
networks, with special attention to the reservation-
based MNA MAC in comparison with the well
known IEEE 802.11 DCF.

The analytical model of the protocols and the
scenario shows the tremendous benefits of intelli-
gent spectrum sharing. Under the assumption of
omniscient knowledge among the participating
nodes, the capacity of the system is more than dou-
bled. Even under suboptimal conditions, the intro-
duction of cautious concurrent transmissions shifts
the theoretical limit by about 80% in comparison
to a system where no spatial reuse is applied.

In a distributed system, where omniscient knowl-
edge is not available, the obtainable performance
heavily depends on the underlying MAC protocol.
While the IEEE 802.11 DCF is not able to benefit
from its implicit spatial reuse, the design of the
MNA enables an adaptive behaviour. This includes
measurement of the environment and the planning
of concurrent transmissions, allowing the MNA
protocol to increase the achievable throughput
significantly.

The most fruitful insights are drawn by the
combination of the analytical and simulation
results. In comparison to their upper bound, both
protocols work well in the small-sized residential
scenario. The gap between the theoretical maxi-
mum and the simulation in the public access
scenario reveals that there is still room for optimi-
sation in large-scale deployments, especially in a
reservation-based MAC protocol. This result –
which can be concluded with our comprehensive,
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dual analysis – encourages further research on this
exciting topic.
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