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Fig. 10. Probability of accepted connections. (a) 20-node WMN. (b) 40-node WMN. (c) 60-node WMN.

According to the results in Fig. 9a, we can draw two
main observations:

e In all cases, the capacity of the network to accept
connections is a convex function of [1This is
representative of the aforementioned trade-off. On
the one hand, small values of [Hi.e., Ry) result in
extremely long multihop paths between nodes,
which increases the number of channels required
to carry a connection. On the other hand, high values
of [Cncrease the interference among nodes. This
reduces the real capacity of the network. Therefore,
there is an optimal value of [that maximizes the
network capacity. In our experiments, [ 7:4 corre-
sponding to R{% 19 m represents the optimal
setting. We can see that correctly adjusting the
transmission ranges of nodes can increase the
network capacity without requiring new channels.

e Enhancing the system with CR (either for one or both
networks) practically doubles the capacity, most
notably for small to moderate values of [This result
confirms that CR creates significant gains. However,
for high values of [ &ll the nodes are at one hop from
each other. Hence, enabling CR has very little effect
on the overall acceptance probability.

Fig. 9b shows that the system’s spectrum reuse decreases
drastically with [This is for two reasons. First, increasing []
increases the interference range so that each transmission
forces a greater number of other links to remain inactive.
Second, increasing Cdecreases the average number of hops
needed to connect nodes, as shown in Fig. 7c. As a result,
fewer resources are required, reducing the overall utilization.

5.4 Randomly Generated WMNs

In addition to the 23-node WMN sample, results have been
produced for three randomly generated WMNSs, consisting
of 20, 40, and 60 nodes, respectively. This covers a range of
network sizes, although we are obviously limited by the ILP
technique being used. Although some works and deploy-
ments have considered much larger networks, the typical
approach has been to rely on network partitioning based on
the clustering/association to individual gateways. Cur-
rently, WMNs clusters are typically less than 20 nodes per
gateway, due to severe performance limitations.

Fig. 10 shows the acceptance probability as a function of
the number of channels My per network k. Again, two

classic networks, one classic + one cognitive network, and
two cognitive networks are compared. Each system of
WMNs receives a traffic intensity of jLj% 10. As in the
previous results, enhancing the system with CR signifi-
cantly improves the network capacity. Capacity to accept
clients practically doubles in several cases. It is also worth
noting that there is an advantage to be gained by having
both networks CR-enabled compared rather than only one.

Moreover, we can see that the gain introduced by
enabling CR is more pronounced with the small 20-node
WMN compared to the 40-node WMN. This is because for
the same traffic load and number of channels per network,
connections within relatively larger WMNs are carried
using longer paths, thus requiring more resources.
Although large networks offer more disjoint routes to carry
additional connections while avoiding the interferences
issues, the 40-node WMN capacity to accept flows decreases
compared to the 20-node network case. However, when the
effect of increased spatial reuse dominates the effect of
longer path lengths, the capacity of large networks to accept
connections outperforms that of smaller networks, as seen
in the 60-node sample network case (Fig. 10c).

5.5 Mixed User Types and QoS

In Section 5.2.1, it was shown that with the same traffic
intensities, a cognitive network could greatly increase its

acceptance capacity relative to a classic network. In this
section, it is shown that cognitive abilities can also differ-

entiate QoS for different user types on the same network.

Consider the following scenario. Each system has two
networks, where the number of connection requests for
each network is 5 (i.e., a total set of jLj % 10 connection
requests arrives to the system). Three different cases are
considered for the traffic: 1) all the connections are classic
connections, 2) all the connections are CR-enabled, and
3) 60 percent of the connections are classic and the
remaining 40 percent are cognitive.

Fig. 11 shows the acceptance probabilities, as the number
of channels per network in the system is varied between 1
and 10. As previously illustrated, networks carrying all
cognitive traffic see an increase in acceptance probability
compared to the purely classic system.

The system of networks with mixed traffic shows that the
QoS delivered to classic and cognitive users is also differ-
entiated. The classic users see the same acceptance prob-
ability, as each classic user has a preemptive priority over



134

Probability of accepted connections: All classic, All CR, mixed classic and CR-enabled users

Sucess probability
o e e e b4 14
kS o > < ® © -
T T T T |

e
w

—&— All classic
—& AlICR

* - Mix: CL users
O Mix: CR users
T T

4
o

0.1 L L L L L L |
1 2 3 4 5 6 7 8 9 10

Number of channels per network, M,

Fig. 11. QoS differentiation by using CR capabilities.

CR-enabled foreign connections. However, the acceptance
probability of the cognitive users rapidly increases, beyond
even the probability of the all cognitive user system. Most
importantly, the overall acceptance probability for the entire
mixed system also improves relative to the all classic case.

These results can be interpreted from a QoS-level
perspective as follows: A gold client may request an
acceptance probability of 90 percent, a silver client requires
an acceptance probability of 80 percent, whereas a bronze
client needs a 70 percent guarantee on its service. In our
mixed traffic system, the gold and the silver classes can be
mapped together as CR-enabled connections, whereas the
bronze class can be mapped as classic connections. In order
to achieve the above QoS requirements, each network must
be equipped with eight channels, as shown in Fig. 11. In this
case, we can see that silver clients receive a better service
(90 percent of acceptance probability) than required since
they are mapped into the same class as the gold clients. This
is, however, not desirable from the service provider
perspective, as it is synonym to resource wastage.

Mapping each class of service to its own class of
connections can save resources while achieving the differ-
ent QoS requirements. To do so, we define a new class of
clients called “Premium CR-enabled clients.” In addition to
their CR capabilities, this class of clients has the same
priority to use resources on foreign networks as the home
clients. In other words, a Premium CR-enabled client acts as
a home (primary) user on all the visited networks.

To take into account such class of clients in our ILP
formulation of Section 4, we attribute hdpb Y40 as home
network value for each premium CR-enabled connection 1.
Moreover, we modify the constraints (20) and (21) as follows:

Shomed P ¥sSuccesdb if &CRAP ¥0 andhdb Y0p 8I; &1b
Sforeign dp Ta;j F>Yi?<;rmDa p
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Fig. 12 shows the results when considering the new class
of Premium CR-enabled clients. The same system of
networks is considered as before, with the same traffic
intensity. Again, three different cases are considered for the
traffic: 1) all the connections are classic connections, 2) all

the connections are CR-enabled, and 3) 60 percent of the
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Fig. 12. Introducing the class of Premium CR-enabled users: QoS
differentiation by using CR capabilities.

connections are classic, 20 percent are CR-enabled, and
20 percent are premium CR-enabled.

Fig. 12 shows that the requirements of different clients
can be fulfilled by mapping gold clients onto the Premium
CR-enabled class, silver clients to the basic CR-enabled
class, and bronze clients to the classic class. In doing so,
different clients are satisfied while equipping each network
with only six channels instead of the eight that were
previously needed.

6 CONCLUSION

Cognitive radio is a potential solution to the tight resource
constraints experienced by wireless mesh networks. By
allowing the reuse of spectrum allocated to primary users,
CR can be used to recapture wasted resources and utilize
them in other ways, without affecting primary user service.

In this work, we have studied the improvements that can
be gained from using CR in a WMN. From a classic system
where primary service providers have assigned channel
resources and all users belong to a home network (and must
receive their service on their service provider's channels),
we added CR-capabilities. CR-enabled nodes can operate
on any channel, as required. After formulating the problem
using integer linear programming, several metrics were
studied, including the probability of accepting flows, spatial
reuse of spectrum, and the path lengths of serviced flows.

Using an ILP-solver, the system was studied, comparing
classic and CR-enabled networks, as well as purely virtual
wireless networks. It was demonstrated that CR capabilities
provide several benefits to a WMN. First, CR improves the
QoS that can be provided to network flows. Alternatively,
more flows can be supported by a service provider, or fewer
channel resources can be used. Second, CR increases
utilization by allowing the network more flexibility to
service flows, particularly longer (more hops) flows. Third,
CR provides a mechanism for QoS differentiation, where a
CR-enabled achieves a higher level of service from the
network, while still maintaining minimum service con-
straints for classic users.

Solving an ILP is computationally expensive; however,
our evaluation has shown that moderately sized networks
could be handled within a reasonable time. For these



