Chapter 9
Routing Schemes for Cognitive Radio Mobile
Ad Hoc Networks

Jun Li, Yifeng Zhou, and Louise Lamont

Abstract In this chapter, we propose a classification of existing routing schemes
for cognitive radio mobile ad hoc networks (CR-MANETS) and review these repre-
sentative CR-MANET routing schemes. Then, we describe a CR-MANET model
and present a novel adaptive routing design for the CR-MANET, referred to as
ARDC, algorithmically and through examples. ARDC is based on the graph model-
ing approach, and its most significant contribution is that ARDC adapts to dynamic
changes in the network topology much more computationally efficient than other
CR-MANET routing schemes. At last, some further research directions on CR-
MANET routing are identified.

9.1 Introduction

Wireless services have been witnessing a phenomenal growth since mid-1990s.
Under the current static spectrum assignment policy, each wireless device occu-
pies a fixed portion of the spectrum for temporally and spatially exclusive usage.
Consequently, the spectrum scarcity problem will be encountered in the near future
as more and more wireless services are launched. That is, the frequency spectrum
available for those new wireless services will be completely drained off. Following
a report by the Federal Communications Commission (FCC) that many statically
allocated frequency spectrum bands are under-utilized geographically and/or tem-
porally [9], the emerging cognitive radio technology has been proposed as a solution
to the spectrum scarcity problem. In contrast to the fixed and inflexible spectrum
occupancy, a cognitive radio technology enabled device, referred to as a secondary
user or a cognitive user, is not assigned to any fixed block of the spectrum and can
operate on any vacant portion of the spectrum that has previously been allocated
to a licensed user, referred to as a primary user. As indicated from their names, a
primary user (PU) has high priority in the usage of its pre-assigned portion of the
spectrum over a cognitive user (CU), and the activity of a PU will not be interfered
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by the existence of CUs. To do so, a CU must periodically sense vacant portions of
the spectrum, adaptively choose transmission parameters, and dynamically access
these (under-utilized) frequency channels.

Studies on cognitive radio communication and networking have mainly been
focused on lower layer (i.e., physical and medium access control layer) issues, such
as spectrum sensing and opportunistic spectrum access [7, 16, 17]. Due to some
fundamental differences between traditional wireless networks and cognitive radio
wireless networks, the networking issues also need to be addressed [2, 3], which
appear more important in a multi-hop infrastructure-less cognitive radio network,
for example, a mobile ad hoc network composed of geographically colocated PUs
and CUs (CR-MANET). (A cognitive radio network can also be deployed as an
infrastructure-based network [2].) Due to a variety of applications of ad hoc net-
works in the civilian and military domain [15], in this chapter we focus on the
network layer issues in self-organizing cognitive radio networks or CR-MANETs.
Specifically, we concentrate on existing and new routing schemes for CR-MANETSs
that perform computation of end-to-end routing paths joint with channel assignment
and maintenance of these routes.

In a CR-MANET, each CU is equipped with one or more pre-defined radios (or
transceivers) that can be tuned to a radio frequency band (or a channel) among a
range of the spectrum. In addition, a CU has the functionality of scanning avail-
able channels at the present moment to avoid inference with the activity of a PU.
Through the periodic exchange of beacon information, a CU discovers its neigh-
boring CUs, each of which connects to the CU via one or more scanned chan-
nels. A scanned channel is assumed to be symmetric in this chapter. Moreover,
the maximum number of channels that can be sensed by a CU is limited. The
CR-MANET is heterogenous; i.e., the set of available channels and the number
of tunable transceivers may vary from one node to another. In general, the number
of pre-defined transceiver is smaller than the maximum number of channels that a
node can sense. Links in the CR-MANET may change over time. That is, as the
network evolves over time, a new channel may become available to connect a pair
of CUs, while an existing channel may disappear in the network, e.g., due to node
mobility or start of occupancy of PUs. Based on the network settings discussed
above, a variety of routing schemes have been proposed in the literature. In this
chapter, we classify those routing schemes for CR-MANETSs and review one or
more representative ones for each routing class. Then, we present a novel framework
of adaptive routing design for CR-MANETS, and give some concrete examples for
demonstration of the adaptiveness and performance of the adaptive routing design
framework. Some challenges and trends in CR-MANET routing design are also
discussed.

The rest of this chapter is organized as follows: Section 9.2 classifies exist-
ing CR-MANET routing schemes and reviews these representative ones in each
routing class. A novel adaptive routing design for CR-MANETS is presented and
concrete examples are given in Section 9.3. Concluding remarks are given in
Section 9.4.
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9.2 CR-MANET Routing Schemes

In this section, we present a classification of existing routing schemes for CR-
MANETS, and in each routing class, we review one or more representative schemes.

9.2.1 Classification of CR-MANET Routing Schemes

Several classification methods have been proposed to categorize existing routing
schemes for CR-MANETs. In [2], CR-MANET routing schemes are categorized
based on whether a scheme considers support for single or joint functionality among
spectrum decision, PU awareness, and reconfigurability. In [4], the authors classify
existing CR-MANET routing schemes based on whether or not the spectrum knowl-
edge is fully captured by a CU. In this chapter, we shall present a new classifica-
tion of CR-MANET routing schemes based on the approaches used for establishing
end-to-end routes. As illustrated in Fig. 9.1, at the top level are two general classes.
One class includes CR-MANET routing schemes designed by modifying classical
MANET routing protocols, while the other contains CR-MANET routing schemes
proposed by using various modeling methods. The latter has three subclasses at the
second level.

9.2.2 MANET Protocol-Based CR-MANET Routing

In the class of MANET protocol-based CR-MANET routing, a routing scheme for
CR-MANETS has been designed by modifying a classical MANET routing scheme.
In the following, we mainly focus on SEARCH in [6] and the routing and spectrum
assignment protocol in [28], and briefly discuss some other CR-MANET routing
schemes, such as these in [5, 10, 18, 21, 26, 30], belonging to this routing class.

CR-MANET
routing schemes

MANET-protocol-based Model-based
CR-MANET routing CR-MANET routing
Optimization Probabilistic Graph

modeling approach| [modeling approach| |modeling approach

Fig. 9.1 Classification of CR-MANET routing schemes
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In [6], Chowdhury and Felice propose a routing protocol for CR-MANETs,
referred to as SEARCH, based on GPSR [12], a geographic routing algorithm for
MANETs. SEARCH helps a CU find the route of minimum end-to-end latency to
another CU with considerations of spectrum selection and avoidance of PU activi-
ties. It is composed of two phases: route setup and route maintenance. In the route
setup phase, SEARCH uses the greedy geographic forwarding mechanism, as shown
in Fig. 9.2, to forward the route request (RREQ), if one or more candidate for-
warders are found (i.e., some nodes are within the focus region but not covered by
the area of the PU activity). Otherwise, the PU avoidance mechanism, illustrated in
Fig. 9.3, is applied to find a node outside the focus region to forward RREQ. Once
RREQ reaches the destination, the destination node selects a routing path together
with the channels along the path using the joint channel-path optimization mecha-
nism, which aims at minimizing the end-to-end latency. As illustrated in Fig. 9.4,
a switch from one channel to another could happen on a selected route, and some
extra delay induced by the channel switch has to be considered. After a routing path
between the source and the destination node is set up, it might be unusable due
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Fig. 9.3 PU avoidance mechanism
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Fig. 9.4 Joint channel-path optimization mechanism

to interference with the PU activity or be disconnected because of node mobility.
In either case, the route needs to be maintained in the route maintenance phase,
where the node at breaking point of the route sends RREQ to the destination for a
path as a replacement of the broken segment of the route. Due to the property of
on-demand route setup, SEARCH runs in a decentralized manner. However, it has
to be assumed that each node has the location information about its neighboring
nodes and the source node knows the location of itself and the destination node.
This requires some location service beneath SEARCH. Moreover, RREQ has to be
transmitted along each cognitive channel in the route setup phase. All these could
result in a significant amount of protocol overhead.

In [28], the authors propose an AODV-based routing and spectrum assignment
protocol with local coordination of traffic flows. The protocol operates on a common
control channel shared by all CUs. When an end-to-end path between a source—
destination pair needs to be established, the source node broadcasts RREQ, which
contains the information about its current available cognitive channels, over the
common control channel. The forwarding rule for RREQ is discussed as follows.
Assume that CU A broadcasts RREQ after updating the channel information in
RREQ with the set S4 of available cognitive channels in A and CU B is a neighbor
of A. After receiving RREQ, B determines the routing path and sends RREP to the
source if B is the destination. Otherwise, the intersection of S4 and Sp is calculated.
If the intersection of the two sets is an empty set, it is implied that a route passing
through B cannot be established. Otherwise, B broadcasts RREQ after updating its
channel information with Sp (i.e., the set of available cognitive channels in B). The
procedure of processing RREQ discussed above is illustrated in Fig. 9.5. Under the
same network setup as that in [28], e.g., a common control channel is shared by
CUs, the authors in [21] study independently the routing problem in CR-MANETSs
and propose SPEAR, an AODV-based routing scheme as well.

In contrast to the CR-MANET routing schemes in [21, 28], the schemes pro-
posed in [10, 18, 26, 30] do not count on a dedicated common control channel.
Instead, RREQ is required to be broadcasted over each cognitive channel such
that multiple routes, one per cognitive channel, between a source—destination pair
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Fig. 9.5 Procedure of processing RREQ

could be established in [10, 18]. (A major difference between the two AODV-based
schemes is that the deafness problem defined in [22] is explicitly addressed in [18].)
The spectrum-tree-based on-demand routing protocol (STOP-RP) presented in [30]
is another AODV-based routing scheme for CR-MANETSs. In STOP-RP, a tree,
referred to as a spectrum-tree, is constructed for each cognitive channel. Then a
route discovery process, which is considered as an extended version of AODV, is
conducted on the formed spectrum-trees to find the route between a pair of CUs.
Another similar AODV-based routing scheme is reported in [5], where whether
RREQ needs to be broadcasted via a dedicated common channel channel is not
explicitly described. When a CU is equipped with multiple cognitive transceivers, a
DSR-based CR-MANET routing scheme is proposed in [26] to find multiple routes
with minimum contention and interference among cognitive channels.

In summary, most MANET protocol-based routing schemes for CR-MANETS
are based on AODV and thus are reactive in nature. A fixed common control channel
is assumed in design of some MANET protocol-based routing schemes, while it
is not in others. While the feasibility of allocating a dedicated control channel in
cognitive radio networks is yet to be investigated, performance comparisons of these
CR-MANET routing schemes with or without the support of the common control
channel need to be carried out.

9.2.3 Model-Based CR-MANET Routing

In the class of model-based CR-MANET routing, a routing scheme is proposed
by solving a classic mathematical model that characterizes the settings of a real
network. Therefore, a model-based CR-MANET routing scheme does not directly
work upon a real network, which becomes a major difference from a MANET
protocol-based routing scheme. Based on the specific modeling approaches used
for establishing end-to-end routes, model-based CR-MANET routing schemes are
further classified into three subclasses: optimization modeling, probabilistic model-
ing, and graph modeling (see Fig. 9.1).

9.2.3.1 Optimization Modeling Approach

Below we review a representative routing scheme reported in [11] and briefly
discuss other CR-MANET routing schemes based on optimization modeling, such
as those in [8, 19, 20].
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Fig. 9.6 Signal interference constraint

In [11], the authors consider a number of CUs each having a set of spectrum
bands available for transmission. Each available spectrum band can be divided into
a number of sub-bands of different bandwidths. The spectrum selection mechanism
takes into account a signal interference model, which allows at most one commu-
nication session to use a specific sub-band in the area covered by the interference
ranges of the transmitter and the receiver (see Fig. 9.6). Multiple routes between a
source—destination pair can be obtained for a communication session, even though
the total rate of the multiple routes needs to be equal to the required data rate of the
communication session. Give a set of communication sessions (i.e., a set of source—
destination pairs) and their required data rates, a non-linear optimization problem
is formulated to find the routes and spectrum sub-bands passed by the routes for
each communication session. The object function of the optimization problem is the
total spectrum resource in the network fulfilling the communication sessions and
their required rates. In contrast, Ma and Tasng [19, 20] consider a fairness factor
of a communication session as the object function in their non-linear optimization
problem formulation. In addition, the frequency bands of multiple channels are not
divided into sub-channels. It is worthwhile noting that, even though the modeling
techniques in both studies are mathematically sound, the solutions are so difficult
to obtain that only approximate or heuristic results have been developed. In [8],
the authors propose a CR-MANET routing scheme by formulating an optimization
problem with the objective of maximizing the network throughput.

9.2.3.2 Probabilistic Modeling Approach

The probabilistic modeling approach is used in [13, 23, 24] for CR-MANET routing
design. In [13], the authors consider N CUs operating in an area over a maximum
number M of frequency channels. PUs are distributed in the area according to a
Poisson point process, which leads to a known result that the interference of a CU
with a PU approximately follows a lognormal distribution. Based on the standard
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fact (e.g., Shannon’s Theorem), the capacity of a channel connecting a pair of CUs is
arandom variable. After defining the weight of the channel as the probability that the
channel capacity is not less than a fixed required rate, a path selection and channel
assignment algorithm is proposed to determine the most probable path between two
CUs. The implementation of the proposed routing scheme needs a global view of the
network topology. In [23, 24], the authors argue that, if a channel was reliable before
the present, it is more likely to be reliable in the future. Based on this argument, the
weight of a channel is defined as a function of the history of temporal usage of the
channel, and probabilistic routing schemes are proposed.

9.2.3.3 Graph Modeling Approach

The studies in [1, 14, 25,27, 29] propose CR-MANET routing schemes based on the
graph modeling approach. In the following, we mainly discuss the schemes reported
in [1, 25, 27, 29].

In [1], Gymkhana, which is a connectivity-based routing scheme for CR-
MANETs, is proposed using the graph modeling approach. In Gymkhana, the des-
tination CU first collects the information about all possible paths through RREQs
initiated by the source CU. A graph is constructed for each path at the destination,
from which the Laplacian matrix of the graph is obtained. (The Laplacian matrix of a
graph is defined as the difference between the graph’s degree matrix and its adjacent
matrix.) By using a known result that the connectivity of a graph can be measured
by the second smallest eigenvalue of the Laplacian matrix of the graph, the desti-
nation CU selects the path with the highest connectivity. That is, a selected path is
guaranteed to have the least interference with primary users. It is worthwhile noting
that Gymkhana operates in a distributed manner, while some theoretical aspects of
this scheme need be further investigated.

In [27], the authors propose a CR-MANET routing scheme based on graph mod-
eling. The proposed scheme contains two algorithmic components: topology forma-
tion algorithm, which constructs a layered graph, and path-centric channel assign-
ment algorithm, which conducts path computation joint with channel assignment.
The number of layers in the layered graph corresponds to the maximum number
of channels that can be sensed by a node. Each layer contains a set of vertices
that is twice the network size (i.e., the number of CUs in the network). With four
types of weighted edges connecting vertices, an optimal routing path, which has the
smallest number of hops among the paths with minimum adjacent hop interference,
is obtained for a pair of nodes. Since the resulting layered graph model contains
a larger number of vertices even for a relatively small network size, the overall
computational cost of the routing scheme is high. In [29], the authors form a colored
multigraph model by using different colors for distinct channels in the network. By
applying a novel shortest path algorithm to the colored multigraph model, a locally
optimal routing path can be obtained for a pair of nodes. Using graph modeling
algorithms, the authors in [25] propose a route selection mechanism that maximizes
throughput and minimizes channel interference.
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In CR-MANETS, the number of channels that are available to a CU is time
varying, i.e., the available channels in the CU change as time evolves. This requires
that the routing should explicitly consider the time-varying nature of the channels in
an adaptive manner. A majority of above reviewed studies on CR-MANET routing
design have assumed static single- or multi-channel networks without consideration
of the time-varying availability of network links. In particular, almost all studies
on CR-MANET routing using the graph modeling approach only address networks
with static links and do not explicitly consider the time-varying nature of link avail-
ability. Another interesting aspect in CR-MANET routing design is the exploitation
of the channel diversity in a CR-MANET to improve routing efficiency, since two
CUs in the CR-MANET are typically connected by multiple paths through different
intermediate CUs and channels. In the next section, we propose a framework of
adaptive routing design for CR-MANETS using the graph modeling approach. The
proposed CR-MANET routing design includes a novel topology formation compo-
nent and a routing scheme. The topology formation component forms a weighted
directional graph model for a given CR-MANET and adapts it to time-varying
changes of network links. Based on the graph model, the routing scheme computes
optimal routing paths for a pair of CUs.

9.3 ARDC: A Graph Model-Based Routing Scheme

In this section, we describe a cognitive radio mobile ad hoc network model and
detail a graph model-based routing design, denoted by ARDC, for the CR-MANET.

9.3.1 CR-MANET Model and Routing Design Framework

A cognitive radio ad hoc network consists of M nodes identified by node
1,2,---, M. Each node has one or more pre-defined transceivers that can be tuned
to a radio frequency band (or a channel) among a spectrum range using its spectrum
mobility and sharing functions. The number of transceivers in node m is denoted
by ry, form = 1,2,---, M, and the row vector r = (r1, 12, --- , rpy) is referred
to as the network interface vector. A node periodically scans available channels
using its spectrum sensing function and discovers its neighboring nodes, each of
which connects to the node via one or more scanned channels. A scanned channel is
assumed to be symmetric. The maximum number of channels that can be sensed by a
node is assumed to be N, and the N channels are identified by channel 1,2, --- , N.
The network is heterogenous; i.e., the set of available channels and the number of
tunable transceivers may vary from one node to another. In general, the number
of pre-defined transceivers is smaller than the maximum number of channels that
a node can sense. Links in the cognitive radio ad hoc network change over time.
That is, as the network evolves over time, a new channel may become available to
connect a pair of nodes, while an existing channel may disappear in the network.
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We assume that one update in the cognitive radio ad hoc network takes place at
a time. Specifically, we use an increasing sequence {tg, t1, 2, - - - } of non-negative
real numbers to represent a set of time instants. #y denotes an initial time point at
which the network starts operation. At each time #;, for i > 1, one update in the
network occurs, which will be either one of the following four events.

1. A new channel becomes available between a pair of nodes;
2. An existing channel disappears in the network;

3. A communication session is initiated;

4. A communication session is finished.

In the rest of this chapter, a channel update refers to item 1 or 2, and a communi-
cation update refers to item 3 or 4. We further assume that the availability of the
channels along a chosen optimal routing path for a communication session doesn’t
change during the period of the session. Based on the above network model, we
define that an optimal routing path between a pair of nodes has the smallest number
of hops after minimizing the adjacent hop interference. As defined in [29], adjacent
hop interference of a route is the number of hops along the route for which each hop
uses the same channel as does its previous hop.

The design framework of ARDC, as described in Algorithm 1 using an algo-
rithmic format, consists of two major components. One component is topology
formation (i.e., initialization and adaptation steps in Algorithm 1) and the other
is routing scheme. The topology formation component is responsible for channel
updates as well as initial graph construction, while the routing scheme deals with
communication updates. The proposed routing design framework addresses routing
issues that occur in the network layer. Below the network layer is the medium access
control (MAC) layer, where some MAC protocol is assumed. Since a MAC protocol
can regulate the access of the network nodes to the transmission channels, in practice
one channel could simultaneously be used by more than one routing path. Therefore,
we allow a channel to be concurrently selected by multiple routes in ARDC.

Algorithm 1: Framework of ARDC

begin
Initialization according to Algorithm 2 (see Section 9.3.2.1);
i <— 1
while (algorithm running) do
if (a channel update occurs at t;) then
| Adaptation according to Algorithm 3 (see Section 9.3.2.2);
end
if (a communication update occurs at t;) then
| Routing scheme according to Algorithm 4 (see Section 9.3.3);
end
i <—1i+1;
end

end

In the remainder of this section, we discuss these two components, algorithmi-
cally and through examples.
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9.3.2 Topology Formation

In this section, the topology formation component, which includes both the ini-
tialization and the adaptation steps of Algorithm 1, is explained in detail. The key
concept used in topology formation algorithms is graph modeling, through which
a simple directed graph is formed as a representation of the up-to-date physical
network. Based on the simple directed graph model, the routing scheme, which
will be detailed in Section 9.3.3, computes optimal routing paths for a requested
communication session.
We denote a simple directed graph by

Gi=Wi.&) ©.1)

which will be a representation of the physical network at time #;, fori =0, 1,2, - -.
In (1), Vi and &; represent the vertex set and the edge set, respectively. A directional
edge v represents a directional connection from vertex u to vertex v, while a bidi-
rectional edge v represents two directional edges v and vu. In the initialization
step of Algorithm 1, an initial graph Gy is constructed with the network connection
information at the initial time 7o and the network interface vector r being inputs. If
a new channel becomes available or an existing channel disappears at time ¢;, for
i > 1, an adaptive graph G; is created by adapting G;_; to the channel update at ;
in the adaptation step.

In the constructed graph G;, foreachi = 0, 1,2, ---, a vertex m,, € V; implies
that node m has channel n available for communicating with a neighbor of the node
at time ¢#;. Directional edges from/to vertex m,, are added between vertices associated
with neighbors of node m. A directional edge m, m; implies that data packets could
enter node m over channel 7 and be routed from node m to node / over channel 7.

We take into account the adjacent hop interference metric and the effect of
transceivers in optimal routing path computation by assigning a weight associated
with each directional edge. First of all, on a selected routing path, it is preferable
that two adjacent hops use different channels to minimize adjacent hop interfer-
ence. This is accomplished by differentiating directional edges of G;. That is, the
weight associated with a directional edge m,m; for n # 7 must be smaller than
that associated with edge m,m; for n = n. Moreover, a node with more than one
transceivers can relay packets simultaneously using two different channels (one for
reception and the other for transmission), and thus should be considered a preferable
intermediate node on an optimal routing path. Therefore, the assigned weight of a
directional edge m,m; for n # n depends on the number r,, of transceivers in
node m. In summary, if we let w be the weight associated with a directional edge
mymy; for n = n, w) the weight associated with a directional edge m,m; forn # n
and r,, = 1, and w; the weight associated with a directional edge m,m; for n # n
and r,,, > 2, then we have

w>w; >wy >0 9.2)
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In examples and simulation studies conducted in this Chapter, we use w = 3,
w1 = 2, and wy = 1 for illustrating the algorithm. A study on optimized settings of
these weights could be carried out as a future research topic.

9.3.2.1 Initialization Step

The algorithm for constructing the initial graph Gy is given by Algorithm 2. In this
algorithm, we create vertices associated with each node in the CR-MANET. A ver-
tex m, is added to the vertex set Vj if node m can potentially communicate with
a neighbor of node m over channel n. A directional edge m,m; indicates that data
packets can be received by node m via channel n and routed from node m to node m
over channel n. This directional edge can result in minimum (or zero) adjacent hop
interference if n # n, and thus should be favorably chosen on an optimal routing
path. Therefore, the assigned weight of directional edge m i, forn # nandr, > 1
(w3 in Algorithm 2) is smaller than that for n # 7 and r,,, = 1 (w in Algorithm 2),
which is smaller than that for n = 7 (w in Algorithm 2).

Algorithm 2 : Initialization Step

input : The physical network at #y and the interface vectorr = [ry,ra, -+, ray].
output: Graph Gy with all edges assigned to weights.

begin

Vo <— 0,

Eo <— U

for m < 1to M do

temp < Vo;

forn < 1to N do

if channel n is available at node m then

add a new vertex m,, into Vy;

foreach vertex m;, in temp do

if (n # 1) & (m and m is connected via channel n) then

add directional edge m,m; to Eo;

assign weight of directional edge m,m; to wy if r,, = 1;
assign weight of directional edge m,m; to wy if r,, > 2;

end

if (n # n) & (m and m is connected via channel n) then

add directional edge m;m, to &;

assign weight of directional edge mym, to wy if ry = 1;
assign weight of directional edge m;m,, to wy if rj; > 2;
end

if (n = n) & (m and m is connected via channel n) then

add bidirectional edge m,m, to £y;

assign weight of directional edge m,m, to w;

end
end

end
end

end

end
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Fig. 9.7 Cognitive radio ad hoc network

In the following, Example 1 illustrates Algorithm 2, which creates the initial
graph Go.

Example 1 Assume that a cognitive radio ad hoc network consists of nodes identi-
fied by A, B, C, D (M = 4). The maximum number of channels that can be sensed
by anode is 3 (N = 3), and these channels are identified by channel 1, 2, and 3. The
physical network as shown in Fig. 9.7, where the integer near a node represents the
number of transceivers of the node, is given at some initial time #;.

Initially, we set two empty sets Vy and &. Since M = 4, we need four iterations,
each of which corresponds to one of these four nodes, to complete construction of
graph Go. Without loss of generality, we use the alphabetic order of the nodes for
the construction process. In the first iteration, we consider node A, whose available
channels are channels 1, 2, and 3. After this iteration, Vo = {A1, A3, A3} and & is
empty. Gy after the first iteration is shown in Fig. 9.8a. The second iteration involves
node B, which has channels 1 and 2 available and is connected with node A over
channel 1. Then two vertices By and B; are added to the set V. Since ¥4 = rg = 2,
these added directional edges have weight 1 except bidirectional edge A B; with
weight 3. Graph Gy after this iteration is shown in Fig. 9.8b. Node C is dealt with
in the third iteration. It has three available channels, and thus three new vertices Cq,
C», and C3, are added into the set V. Since r¢ = 1, these directional edges C, A;;,
for which n # 7, have weight 2. Gy after the third iteration is shown in Fig. 9.9.

G ®

&

1
G

A

(a) (b)

Fig. 9.8 First and second iterations
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(b)

Fig. 9.10 Graph Gy. (a) Edges of weights 1 and 2; (b) Edges of weight 3

In the last iteration, two vertices D1 and D, are added to the set V) followed by
corresponding directional edges. Now the vertex set V) is complete and the con-
struction process is terminated. The final graph Gg is shown in Fig. 9.10, where
edges of weights 1 and 2 are shown in Fig. 9.10a and edges of weight 3 are shown
in Fig. 9.10b.

9.3.2.2 Adaptation Step

A channel update is caused by either the availability of a new channel or the disap-
pearance of an existing channel from the network. Based on G;_| and the channel
update at time #;, an adaptive algorithm for constructing G; is given in Algorithm 3.
As we can see from the algorithm, a channel update only affects the topology
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------ channel 1 - - ----channel 1
channel 2 channel 2
— — — — channel 3 — — — — channel 3

channel 3 detected
(a) (b)
Fig. 9.11 Channel updates. (a) Gain of a channel; (b) Loss of a channel

formation locally. Thus we can locally adapt G;_; with the channel update. This
results in the adaptive graph G;, which represents the topology formation of the
physical network at #;. Algorithm 3 in the adaptation step features a very low com-
putational cost, which is promising for practical implementations in CR-MANETs.
The following example illustrates Algorithm 3 with G;_; and a channel update at #;
being inputs.

Example 2 At time ty, the physical network as shown in Fig. 9.7 with corresponding
initial graph Gp formed in Fig. 9.10 is given. At some time #; after 7y, a chan-
nel update (i.e., gain of channel 3 connecting C and D) takes place, as shown in
Fig. 9.11a. This results in G;. At some time 1, after 71, another channel update (i.e.,
loss of channel 3 connecting A and C before ;) occurs, as shown in Fig. 9.11b. This
results in G». We construct adaptive graphs G| and G, below based on Algorithm 3.

To obtain adaptive graph G, graph Gy, and the channel update at time #; (i.e.,
channel 3 between C and D) are used as inputs to Algorithm 3. Initially, a new vertex
D3 is added to the vertex set V. (Vertex C3 is already in V;.) Then, directional
edges are added to the edge set &;. The resulting graph G after adapting Gy to the
acquisition of channel 3 at #; is shown in Fig. 9.12, where the newly added vertex
and edges are shown in dotted lines.

At time 1, channel 3, which connected A and C before #,, becomes unavailable.
Graph G and loss of channel 3 are used as inputs to Algorithm 3. In order for
G to adapt to the update, directional edges A;C3, A2C3, A3C3, C1A3, C2A3, and
C3 Az are removed from graph G;. Since channel 3 becomes unavailable in A at time
1, vertex A3 and all corresponding edges involving A3 are removed from Gj. The
resulting graph G;, after adapting to the loss of channel 3 at #, is shown in Fig. 9.13,
where the removed vertex and edges are in dashed lines.

9.3.3 Routing Scheme

The routing scheme computes optimal routing paths for a requested communication
session and updates the topology formation for a completed communication session.
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Algorithm 3 : Adaptation Step

input : Graph G;_; and channel update at #;.

output: Graph G; with all edges assigned to weights.

begin

Vi <— Vi_j,and & <— &i_y;

booleanl <— False, and boolean2 <— False;

if channel k connecting node m and m is GAINED at t; then

if my ¢ V; then add new vertex my into V;, and booleanl <— True;
if my ¢ V; then add new vertex iy into V;, and boolean2 <— True;
forn < 1to N do

if (n #k) & (m,, is inV;) then

add directional edge m,my to &;;

assign weight of directional edge m,my to wy if r,, = 1 OR to wy if
Fm =25

end

if (n # k) & (1 is in Vi) then

add directional edge m,my to &;;

assign weight of directional edge m,my to wy if r; = 1 OR to wy if
i =2

end

if (n # k) & (m and m is connected via channel n) then

if (booleanl is True) then

add directional edge mym, &;;

assign the weight of directional edge my, to wy if r,, = 1 OR to
wy if rpy > 2;

end

if (boolean?2 is True) then

add directional edges mgm, to &;;

assign the weight of directional edge rigm, to w; if r; = 1 OR to
wy if ry > 2;

end

end

if (n is equal to k) then

add bidirectional edge m,,my into &;;

assign the weight of bidirectional edge myiy to w;

end
end
end
if channel k connecting node m and m is LOST at t; then
forn < 1to N do
if m,, (respectively, my,) is in V; then
| remove directional edge m, iy (respectively, m,my) from &;;
end
end
if channel k is not available in node m (respectively, node m) at t; then
remove all edges involving my (respectively, those involving ) from &;;

remove vertex my (respectively, vertex nix) from V;;
end

end

end
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Edges of Weights 1 and 2 Edges of Weight 3
Fig. 9.12 Adaptive graph G|

Edges of Weights 1 and 2 Edges of Weight 3
Fig. 9.13 Adaptive graph G»

We assume that, at time #; for some i > 1, a communication update from source
node S to destination node D is made. When the communication session from
node S to D is initiated at #;, the set of available channels in § is assumed to
be {s1,---,sp} and the set of available channels in D is {dy, --- ,dg}, for some
P, QO =1,---,N.In this case, the routing algorithm, as described in Algorithm 4,
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is used to identify an optimal routing path for the communication session and to
update the topology formation.

In Algorithm 4, vertices S and D, and some directional edges involving S and D
are added to assist in computing the optimal routing paths from S to D. By applying
a known shortest path algorithm (e.g., Dijkstra’s algorithm) to G;, we obtain the set
‘P of all optimal routing paths from S to D. An optimal routing path § — Sy —
m, — m; —> Dy, — D, for some x = sy, ---,sp, intermediate vertices m, and
my, and y = dj, --- ,dg, implies that packets will be sent by node S to m over
channel n, relayed from m to m via channel 71, relayed from /i to D over channel y,
and finally received by D over channel y. A study will be conducted in our future
work to examine if a computed optimal routing path could contain a loop.

After the set P is computed, we simply select the first path P(S, D) in set P
to be used for the communication session. As discussed at the beginning of this
section, a channel is allowed to be used by multiple communication sessions via a
MAC protocol below the network layer. In such a case, a packet could experience a
longer period of waiting time before transmission. To mitigate this effect, we adjust

Algorithm 4 : Routing Scheme

input : Graph G;_; and the communication update at ¢;.

output: An optimal routing path (only for the case where a communication session is
initiated) and adaptive graph G;.

begin

Vi «— Vi_1,and & «— &i_jtogetG;;

if (communication session from node S to D is INITIATED) then

add two vertices S and D to V;;

add directional edge SSy to &;, foreach x =51, - - - , sp, and assign its weight to
Zer0;

add directional edge Dy D to &;, for each y = dy, --- , dg, and assign its weight to
Z€r0;

find set P of shortest paths from S to D by applying a shortest path algorithm (e.g.,
Dijkstra’s algorithm) to G;;
if (set P is NOT empty) then
assign the first path P(S, D) in P to be the optimal routing path for
communication session from S to D;
increase by 1 the weight of each directional edge along the selected optimal
routing path P (S, D) in G;;
end
remove directional edges S, and D, D, for each x = sy, ---, sp and
y=di,---,dg, from&;
remove vertices S and D from V;;
return P (S, D) and graph G;;
end
if (communication session from node S to D is COMPLETED) then
in G;, decrease by 1 the weight of each directional edge along the optimal routing
path used for the communication session from node S to D;
return graph G;;

end

end
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the edge weights in graph G; that correspond to channels that are being used for the
communication session. This reduces the possibility of a channel being used by two
simultaneous communication sessions. The adjustment process should reflect these
explicit MAC requirements; this adjustment process in Algorithm 4 is implemented
by increasing the weight of each directional edge along the selected optimal routing
path P(S, D) by 1. Once the communication session is complete, a reverse opera-
tion is performed to update the graph. That is, the weight of each directional edge
along the selected optimal routing path P (S, D) is decreased by 1.

The routing path computation in Algorithm 4 provides at least one optimal rout-
ing path to be used for packet transmission from S to D, as long as they are con-
nected to each other. Since the computed set P may consist of multiple elements,
multiple routing paths from S to D can be obtained, each of which has the same
number of hops from S to D with the same minimized adjacent hop interference.
In the following, an example is given to illustrate how to compute optimal routing
paths and obtain graph G; based on Algorithm 4.

Example 3 At time ¢;, a physical network as shown in Fig. 9.14 is given, and a
request for transmission from source node A to destination node D is made. From
Example 2, the corresponding topology formation before #;, which is denoted by

------ channel 1
channel 2

— — — — channel 3

Fig. 9.14 Example 3

Edges of Weights 1 and 2 Edges of Weight 3

Fig. 9.15 Graph model
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Gi_1, is given in Fig. 9.15. We need to identify the optimal routing path(s) for
transmission from A to D and the updated graph G; based on Algorithm 4.

Starting from graph G; 1, two vertices A and D are first added to the graph. Then
directional edges AA1, AAy, D1 D, DD, and D3 D are added with weight 0. After
running Dijkstra’s algorithm on the graph from A to D, P = {A — Ay — B —
D, — D} gives a unique optimal routing path P(A, D). The unique transmission
route means that packets shall be transmitted from A (the source node) to B through
channel 1 and from B to D (the destination node) via channel 2. During this trans-
mission process, the weights of both directional edge A B; and directional edge
B1 D, are increased by 1, respectively, which results in graph G;.

9.4 Conclusion and Discussion

In this chapter, we categorized existing routing schemes for CR-MANETS based
on the approaches used for solving the routing problem. For each routing class, we
reviewed one or more representative routing schemes. At last, we presented ARDC,
a graph model-based routing design for CR-MANETs. In contrast to most relevant
studies that do not address the time-varying nature of the availability of links in
CR-MANETSs, ARDC is capable of adapting to dynamic changes in the network
topology with little computational effort. Based on the up-to-date network topology,
ARDC computes optimal routing paths for a given pair of source and destination
nodes.

From review of existing routing schemes for CR-MANETS, we strongly believe
that further research needs to be carried out to identify pros and cons for these
routing schemes. For instance, a number of proposed CR-MANET routing schemes
have to be operated in a centralized unit, while others operate in a distributed man-
ner. It needs to be investigated which routing structure, centralized or distributed,
is more appropriate for CR-MANETSs. A number of schemes assumes a dedicated
common control channel shared by all CUs, while others do not count on it. The
feasibility of CUs equipped with a transceiver operating on a fixed common control
channel needs to be studied, and performance comparisons of schemes relying or
not relying on the common control channel need to be conducted. We are also
convinced that significant contributions are needed to break through some major
challenges in CR-MANET routing. For instance, it has been well known that the
topology of a CR-MANET changes more frequently than other types of mobile net-
works. This necessitates novel routing schemes for CR-MANETS that are capable
of more promptly and efficiently adapting to dynamic changes in the network topol-
ogy. Existing CR-MANET routing schemes mainly address the route and channel
selection problem for two cognitive users. Since CUs and PUs are geographically
colocated, interactions and communications between a cognitive user and a primary
user will take place. This requires integrating CR-MANET routing schemes that
support both CU-CU and CU-PU communications.
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