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ABSTRACT

Since its inception, cognitive radio (CR) has quickly been accepted as the enabling radio tech-

nology for next-generation wireless communications. A CR promises unprecedented flexibility in

radio functionalities via programmability at the lowest layer, which was once done in hardware.

Due to its spectrum sensing, learning, and adaptation capabilities, CR is able to address the heart

of the problem associated with spectrum scarcity (via dynamic spectrum access (DSA)) and inter-

operability (via channel switching). It is envisioned thatCR will be employed as a general radio

platform upon which numerous wireless applications can be implemented.

For both theoretical and practical purposes, it is important for network researchers to model a

cognitive radio ad hoc network (CRN) and optimize its performance. Such efforts are important

not only for theoretical understanding, but also in that such results can be used as benchmarks for

the design of distributed algorithms and protocols. However, due to some unique characteristics

associated with CRNs, existing analytical techniques may not be applied directly. As a result,

new theoretical results, along with new mathematical techniques, need to be developed. In this

thesis, we focus on modeling and optimization of CRNs. In particular, we will study multicast

communications in CRN and MIMO-empowered CRN, which we describe as follows.

An important service that must be supported by CRNs is multicast. Although there are a lot

of research on multicast in ad hoc networks, those results cannot be applied to a CRN, because

of the complexity associated with a CR node (e.g., multiple available frequency bands, difference

in available bands from neighboring nodes). In addition, a single-layer approach (e.g., multicast

routing) is overly simplistic when resource optimization (i.e., minimizing network resource) is the

main objective. For this purpose, a cross-layer approach isusually necessary, which should include

joint consideration of multiple lower layers, in addition to network layer. However, such a joint



formulation is usually highly complex and difficult. In thisthesis, we aim to develop some novel

algorithms that provide near-optimal solutions. Our goal is to minimize the required network-

wide resource to support a set of multicast sessions, with a certain bit rate for each multicast

session. The unique characteristics associated with CR anddistinguish this problem from existing

multicast research for ad hoc networks. In this work, we formulate this problem via a cross-layer

approach with joint consideration of scheduling and routing. Although the problem formulation is

in the form of mixed integer linear program (MILP), we are successful in developing a polynomial

time algorithm that offers highly competitive solution. The main ideas of the algorithm include

identification of key integer variables, fixing these variables via a series of relaxed linear program

(LP), and tying up such integer fixing with a bottom-up tree construction. By comparing with a

lower bound, we find that the proposed algorithm can provide asolution that is very close to the

optimum.

In parallel to the development of CR for DSA, multiple-inputmultiple-output (MIMO) has

widely been accepted and now implemented in commercial wireless products to increase capacity.

The goal of MIMO and how it operates are largely independent and orthogonal to CR. Instead

of exploiting idle channels for wireless communications, MIMO attempts to increase capacity

within the same channel via space-time processing. Assuming that CR and MIMO will ultimately

marry each other and offer the ultimate flexibility in DSA andspectrum efficiency, we would like

to inquire the potential capacity gain in this marriage. In particular, we are interested in how

such marriage will affect the capacity of a user communication session in a multi-hop CRN. We

explore MIMO-empowered CR network, which we call CRNMIMO , to achieve ultimate flexibility

in DSA and spectrum efficiency. Given that CR and MIMO handle interference at different levels

(across channels vs. within a channel), we are interested inhow joint optimization of both will

maximize user capacity in a multi-hop network. To answer this question, we develop a tractable

mathematical model for CRNMIMO , which captures the essence of channel assignment (for CR)

and degree-of-freedom (DoF) allocation (for MIMO). Based on this mathematical model, we use

numerical results to show how channel assignment in CRN and DoF allocation in MIMO can be

jointly optimized to maximize capacity. More important, for a CRNMIMO with AMIMO antennas at
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each node, we show that joint optimization of CR and MIMO offers more thanAMIMO -fold capacity

increase than a CRN with only a single antenna at each node.
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Chapter 1

Introduction

1.1 Background

Since its inception, CR has quickly been accepted as the enabling radio technology for next-

generation wireless communications [17, 52]. Fundamentalcharacteristics of CR are that trans-

mitted waveforms are defined by software and that received waveforms are demodulated by soft-

ware. This is in contrast to traditional hardware-based radios in which processing is done entirely

in custom-made hardware circuitry. The unique characteristics of CR promise unprecedented flex-

ibility in radio functionalities via programmability at the lowest layer, which was once done in

hardware. CR is capable of sensing available spectrum, learning and adapting, thus able to address

the heart of the problem associated with spectrum scarcity (via dynamic spectrum access (DSA))

and interoperability (via channel switching). Already, CR(or its predecessor, software defined

radio) has been implemented for not only cellular communications [46], but also the military [20],

and public safety communications [38]. CR will also be employed as a general radio platform

upon which numerous wireless applications can be implemented.
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1.2 Characteristics of CR

Based on it advanced physical layer design, CR is capable of sensing available spectrum, learning,

reconfiguring RF and switching to newly-selected frequencybands. These capabilities distinguish

CR from other radio technologies. For a CRN, it is important to contrast it to a closely related

network – multi-channel multi-radio (MC-MR) network. First, the radio technology in CR is

software-based. A soft radio is capable of switching frequency bands on a per-packet basis. Fur-

ther, CR can use multiple bands at the same time. In contrast,MC-MR remains hardware-based

radio technology, i.e., each radio can only operate on a single channel at a time and there is no

switching of channel on a per-packet basis, and the number ofconcurrent channels that can be

used at a wireless node is limited by the number of radio interfaces. Therefore, a CR can use many

more concurrent frequency bands than MC-MR. Second, in CRNs, each node may have a different

set of available frequency bands (those bands not used by primary users). There may not exist a

set of “common bands” for all nodes. On the other hand, a MC-MRbased wireless network typi-

cally assumes that there is a set of “common bands” availablefor all nodes in the network. These

important differences distinguish CR from MC-MR. They alsobring in more flexibility as well as

complexity in the algorithmic design and optimization.

1.3 New Technical Challenges

While expanding the flexibility of wireless networks, CR also brings in new technical challenges

in networking research. In our problems, we aim to optimize network level performance of a

multi-hop CRN. For such kind of problem, it is well understood that network performance is

tightly coupled with lower layer behaviors. For example, todetermine the amount of flow that

can be transported between two nodes, we need to compute thislink’s capacity under a particular

scheduling. Then we can determine how to utilize this link capacity by optimally assigning a flow

rate on this link. For scheduling, before we decide if a link should be active on certain frequency

bands, we should confirm that this link is indeed used in upperlayer routing. For those links that are
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not used for routing, we should not consider them for scheduling. Due to these inter-dependencies

among layers, a cross-layer design is essential to achieve optimal CRN performance.

However, a cross-layer approach is usually highly complex and difficult, not only theoretically

but also practically. Mathematically, the cross-layer design enlarges the design space. Also, such

cross-layer optimization usually involves several groupsof binary variables and integer variables,

which make the problem extremely difficult. Moreover, the constraints and the objective function

could introduce nonlinearity, which further increase the difficulty of the problem. Due to the above

challenges, an analytically tractable solution with provable performance guarantee is difficult to

obtain. This suggests that new ideas in algorithm design areneeded.

1.4 Problems Considered in This Thesis

In this thesis, we consider the following two problems in CRNs. The first problem is on multicast

communications in a CRN. In this problem, there is a set of multicast communication sessions

need to be supported, each is associated with a certain flow rate. For each multicast session, there

is a source node and several destination nodes. The data flow with certain rate requirement needs to

be transported to each destination node. We are interested in how to support concurrent multicast

sessions in a CRN such that the required network-wide resource can be minimized.

The second problem that we study in this thesis is a joint optimization of MIMO and CRN.

Both CR and MIMO have the ability to exploit the spectrum efficiency. However, CR operates on

the channel/band level while MIMO operates within the same channel/band. Ultimately, CR and

MIMO will be combined with each other and offer the ultimate flexibility in DSA and spectrum

efficiency. We would like to inquire the potential capacity gain in this combination. In particular,

we are interested in how such marriage will affect the capacity of a user communication session

in a multi-hop CRN. We study how to maximize the network capacity by assigning frequency

bands on links and allocate antennas at each node for either data communication or interference

cancellation.
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1.5 Summary of Contributions

The contributions of this thesis are summarized as follows.

1.5.1 Minimum-Resource Multicast

In this work, we consider a multi-hop CRN and study how to minimize network-wide resource

requirement to support a set of multicast communication sessions, each with a certain flow rate

that must be transported. We follow a cross-layer approach,with joint formulation of frequency

band scheduling and multicast routing. Although the problem formulation is in the form of mixed

integer linear program, we successfully design a polynomial time algorithm that offers highly com-

petitive solution. The main ideas of the algorithm include identification of key integer variables,

fixing these variables via a series of relaxed linear program(LP), and tying up such integer fixing

with a bottom-up tree construction. By comparing with a lower bound, we find that the proposed

algorithm can provide a near-optimal solution.

1.5.2 Joint Optimization of MIMO and CRN

With CR and MIMO handling interference at channel and co-channel levels, we raise the follow-

ing fundamental question: Will joint optimization of CR (via channel assignment) and MIMO (via

DoF allocation) offers more thanAMIMO -fold capacity increase? The answer to this question is

important since it also answers the question that whether ornot joint optimization of both tech-

nologies is necessary, given that MIMO can already haveAMIMO -fold capacity increase via spatial

multiplexing. In this work, we investigate this fundamental question. We develop a tractable math-

ematical model for multi-hop MIMO-empowered CR networks. The mathematical model captures

the essence of channel assignment (for CR) and DoF allocation (for MIMO). This joint optimiza-

tion problem is formulated into a mathematical program withthe goal of maximizing the minimum

rate among user sessions. We obtain numerical results with this mathematical model which show



5

how channel assignment in CRN and DoF allocation in MIMO can be jointly optimized to max-

imize capacity. Moreover, we give an affirmative answer thatthe joint optimization of CR and

MIMO can offer more thanAMIMO -fold capacity increase for a CRN with only a single antenna at

each node.

1.6 Thesis Outline

The remainder of this thesis is organized as follows. In Chapter 2, we study the multicast commu-

nications in CRNs. We formulate the minimum resource multicast for CRNs problem via a cross-

layer approach by taking consideration of scheduling and routing jointly. Then we are propose a

polynomial time algorithm that offers highly competitive solution. In Chapter 3, we study the joint

optimization of MIMO and CRN. We develop a tractable mathematical model for CRNMIMO , which

captures the essence of channel assignment (for CR) and degree-of-freedom (DoF) allocation (for

MIMO). Based on this mathematical model, we use numerical results to show how channel assign-

ment in CRN and DoF allocation in MIMO can be jointly optimized to maximize capacity. Then

we show that joint optimization of CR and MIMO offers more than AMIMO -fold capacity increase

than a CRN with only a single antenna at each node. In Chapter 4, we summarize our results in

this thesis and present our future research directions.



Chapter 2

Minimum-Resource Multicast

Communications

2.1 Introduction

Recently, CR has been considered as the radio platform for multi-hop ad hoc networks (see,

e.g. [19, 41]). An important service that must be supported by ad hoc networks is multicast. Al-

though there is an abundance of research on multicast in ad hoc networks (see Section 2.2), those

results cannot be applied to a CR ad hoc network, due to the complexity associated with a CR node

(e.g., multiple available frequency bands, difference in available bands from neighboring nodes).

In addition, a single-layer approach (e.g., multicast routing [37]) is overly simplistic when resource

optimization (i.e., minimizing network resource) is also an objective, in addition to multicast con-

nectivity. In this context, a cross-layer approach is usually necessary, which should include joint

consideration of multiple lower layers, in addition to network layer. However, such joint formula-

tion is usually highly complex and difficult, as we shall soonsee in this chapter (Section 2.4).

It is important to contrast a CR ad hoc network to a closely related network – MC-MR network

[1, 25, 26]. First, MC-MR employs traditional hardware-based radio technology and thus each

6
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radio can only operate on a single channel at a time and there is no switching of channel on a

per-packet basis. Thus, the number of concurrent channels that can be used at a wireless node

is limited by the number of radios. In contrast, the radio technology in CR is software-based; a

soft radio is capable of switching frequency bands on a per-packet basis. As a result, the number

of concurrent frequency bands that can be used by CR is typically much larger than that can be

supported by MC-MR. Second, a common assumption for MC-MR isthat there is a set of common

channels available for every node in the network. Such assumption is hardly true for a CR networks

(CRN), in which each node may have a different set of available frequency bands (those bands not

used by primary users). An even more profound advance in CR technology is that future CR can

work on non-contiguous channels for transmission/reception. These important differences between

MC-MR and CR warrant that the algorithm design for a CR ad hoc network is substantially more

complex than that for a MC-MR network. In some sense, a MC-MR network can be considered as

a special case of a CRN. Thus, algorithms designed for a CR ad hoc network can be extended to

address a MC-MR network while the converse is not true.

In this chapter, we consider a multi-hop CR ad hoc network andstudy how to minimize

network-wide resource requirement to support a set of multicast communication sessions. In this

network, the available frequency bands at each node may be different and two neighboring nodes

can communicate with each other only if they share at least one common band. For each multicast

session, there is a source node and a group of destination nodes. Further, there is a flow bit rate that

must be transported from the source node to its group of destination nodes. To minimize required

network resource (measured in network-wide bandwidth-footprint product (BFP)) to support these

multicast communication sessions, we find that it is necessary to follow a cross-layer approach,

with joint formulation of frequency band scheduling and multicast routing. Through mathematical

modeling, we formulate the optimization problem as a mixed-integer linear programming (MILP).

In this chapter, we give the development of a polynomial-time algorithm to the cross-layer

optimization problem (MILP) that offers a highly competitive solution. We observe that although

there are many integer variables in the problem formulation, the binary scheduling variable (for

band assignment on each link) is the core variable and its determination will help determine other
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integer variables. Based on this observation, we focus on fixing these scheduling variables through

an iterative process via a relaxed linear program (LP) of theoriginal problem. Further, during

each iteration, we take an explicit topological consideration during the fixing of these scheduling

variables and follow a “bottom-up” approach (from leaf to root) for multicast tree construction. At

the end of the last iteration, all these integer variables will be fixed and the values for the other

variables can be obtained by solving a LP.

To measure the performance of our proposed solution, we compare it to a lower bound obtained

via an optimization solver (CPLEX). Note that the optimal solution (unknown) is between the

solution obtained by our algorithm and the lower bound by CPLEX. Simulation results show that

the solution obtained by our algorithm is very close to the lower bound, thus suggesting that the

solution by our algorithm is even closer to the optimum.

The remainder of this chapter is organized as follows. Section 2.2 reviews related work. In

Section 2.3, we study the characteristics associated with multicast communications in a CR ad hoc

network, thus laying the ground for mathematical modeling.In Section 2.4, we present mathemat-

ical model for our problem. In Section 2.5, we present the solution to our optimization problem.

Section 2.6 presents simulation results and demonstrates its near-optimal performance. Section 2.7

concludes this chapter.

2.2 Related Work

In this section, we review related work on multicast in multi-hop ad hoc networks. We organize

this section as follows. First, we examine prior efforts on multicast for ad hoc networks with each

node equipped with single traditional radio. Then we reviewrelated work on multicast for MC-MR

ad hoc networks. To the best of our best knowledge, there is sofar no result for multicast problem

for a multi-hop CR ad hoc network.

There has been a large body of work on multicast for ad hoc network with each node equipped

with a single hardware-based (traditional) radio, e.g., [2,6,8,11–13,18,27,28,34,48–51]. Among
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these works, the focus in [6, 8, 48–51], was on energy-efficient multicast routing, while the focus

in [11–13, 18, 34], was on lifetime-optimal multicast, either with directional antennas or omni-

directional antennas. In [2,27,28], the authors studied multicast throughput maximization problem.

In the context of MC-MR network, multicast was studied in [33,53]. In [33], the authors studied

channel assignment for multicast problem in MC-MR wirelessmesh networks. Here, the authors

first assumed that there is a pre-built multicast tree (e.g.,via multicast ad-hoc on-demand distance

vector (MAODV) protocol). Then they proposed a channel assignment algorithm which greedily

assigns a channel to each transmitting node so as to minimizethe interference among nodes in the

multicast tree. In [53], Zeng et al. studied a joint routing and channel assignment problem for

MC-MR wireless mesh networks with the goal of maximizing throughput. The authors proposed

a layer-by-layer decoupled heuristic algorithm called multi-channel multicast (MCM). The MCM

algorithm builds a multicast tree via two steps. First, it uses a breadth-first-search (BFS)-based

algorithm to obtain level information for each node; then itconstructs a tree from the lowest level

and follows a greedy algorithm in selecting parent nodes. Once the multicast tree is obtained,

the channel assignment part commences, where authors proposed two algorithms, depending on

whether the channels are orthogonal or overlapping.

2.3 Understanding Multicast Problem in a CRN

In this section, we explore some characteristics associated with the multicast problem in a CRN.

Such characteristics are not only important to help us understand the underlying difficulties in

this problem, but also set the stage for our mathematical modeling and problem formulation in

Section 2.4.

Before we describe each characteristic in detail, let us recall the general setting for an ad hoc

CRN under investigation. The network that we consider in this chapter is an ad hoc network with

each node equipped with a CR. There is a set of available frequency bands for communication

at each node, depending on its location. Such bands may include those bands that are currently
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Figure 2.1: Communication between two nodes cannot take place in the absence of a common

frequency band.

not in-use by primary users. Given the differences in geographical location, the set of available

frequency bands at one node may be different from those at another node in the network. This is

also a unique feature that distinguishes an ad hoc CRN from a conventional MC-MR network.

We organize this section as follows. From Section 2.3.1 to 2.3.5, we discuss some unique and

interesting characteristics associated with the multicast problem in a CRN. Section 2.3.6 concludes

our discussion with an example illustrating of the multicast problem and potential solution.

2.3.1 Transmission and Interference in a CRN

Under a traditional wireless network, nodes typically share the same pool of frequency bands.

Whether two nodes can communicate with each other or not is only limited by the transmission

range. But in a CRN, there is an additional constraint that must be considered. That is, we must

make sure that there is at least a common band that is available between the two nodes. If no such

band is available, then the two nodes will not be able to communicate with each other. Figure 2.1

illustrates this constraint with a two-node example. Here node 1 has a set of available bands

{a, b, e} while node2 has a set of available bands{c, d}. Since there is no common band between

the two sets, nodes1 and2 cannot communicate with each other.

Under a traditional wireless network, whether a node can interfere another node or not is only

determined by the interference range. Again, such interference relationship is based on the as-

sumption that all nodes in the network operate on the same frequency band. But for an ad hoc

CRN, the interference relationship is much more complicated, due to the potential difference in

the set of available frequency bands at different nodes. As an example, Fig. 2.2 shows three pairs
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Figure 2.2: Additional bands help mitigate interferences in the network and enlarge scheduling

space.

Figure 2.3: Achieving full duplex via different bands.

of nodes. Node1 transmits to node2 on banda while node3 transmits to node4 on bandb andc.

There is no interference on node2 (from node3) due to node3’s transmission is on different bands.

But node5 is not allowed to transmit to node6 on banda due to its interference on node2.

2.3.2 Full Duplex via Different Bands

Under a traditional wireless network, a node typically cannot transmit and receive at the same

time, due to half-duplex (self-interference) constraint on the same time. But for an ad hoc CRN,

full duplex is possible, if a node transmit and receive ondifferent bands. An example is given

in Fig. 2.3, where the available bands at nodes1, 2, and3 are{a}, {a, b}, and{b}, respectively.

Therefore, the common band between nodes1 and2 is banda and that between nodes2 and3

is bandb. In this case, node2 can transmit to node3 on bandb while receiving from node1 on
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(a) Node0 uses4 bands{a, b, c, d} to cover all5 neighbor-

ing nodes.

(b) Node0 uses2 bands{a, e} to cover all5 neigh-

boring nodes.

Figure 2.4: Design space for scheduling bands for one-hop multicast.

banda.

2.3.3 Multicast Band Scheduling

Under a traditional ad hoc wireless network, a transmissionat a node can be heard by all its one-

hop neighboring nodes. This is true since all nodes are assumed to operate on the same band. As

discussed, this may not be true in an ad hoc CRN as the available bands on each node may be

different and two nodes can communicate with each other onlyif they share a common band. Due

to such diversity in available bands between a source node and its one-hop neighboring nodes, it

might be necessary to employ multiple bands to achieve one-hop multicast. As an example, in

Fig. 2.4, suppose we have a source node0 with available bands{a, b, c, d, e}, with node0’s one-

hop neighboring nodes being1, 2, 3, 4, and5. Suppose the available bands at these five nodes are

{a, e}, {a, b}, {b, e}, {c, e}, and{d, e}, respectively. It is not difficult to verify that there does not

exist one common band that node0 can use to multicast to all five neighboring nodes. So multiple

bands must be used at node0 to achieve this purpose.

Figures 2.4(a) and (b) show two possible realizations for this objective, where in Fig. 2.4(a),

node0 uses four bands{a, b, c, d} to cover all five nodes whereas in Fig. 2.4(b), node0 uses only
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Figure 2.5: Computation of one-hop multicast capacity.

two bands{a, e} for the same purpose. Given such difference in band usage, there exists a design

(or optimization) space to decide which set of bands to use. The problem is further complicated by

the fact that finding the minimum set of bands to cover one-hopneighboring node does not mean

that the total network-wide usage of frequency bands will beminimized, which is our optimization

objective (see Section 2.4.4). This is because a multicast tree will consist of multiple hops and

there is inter-dependency in terms of band usage and interference within the same tree and among

different trees.

2.3.4 One-Hop Multicast Capacity

A nice property associated with a wireless network is the so-calledwireless multicast advantage

(WMA) [51], which refers to the phenomenon that the transmission at a node will be heard by all

of its one-hop neighboring nodes. But the distances betweenthe transmitting node and its various

one-hop neighboring nodes may be different. Given such difference in distances, the received

signal strength at each of the one-hop neighboring nodes will be different, leading to different

capacity. For multicast communication, it is necessary to have branch of the tree carry the same

traffic flow rate. For a one-hop multicast, the capacity of this hop is therefore limited by the node

that is farthest away from the transmitting node.

As an example, Fig. 2.5 shows that node1 uses WMA to transmit to both nodes2 and3. The

distances from nodes2 and3 to node1 are different, with node3 being farther away from node1.

The received signal power at node3 is lower than that at node2 and the capacity (using Shannon’s

capacity formula) on link13 is 50 while that on link1 → 2 is 60. Therefore, the traffic flow on this
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(a) A single-hop multicast. (b) A multi-hop multicast.

Figure 2.6: Long hop vs. short hops.

one-hop multicast is limited by the lower link capacity, which is50.

2.3.5 Long Hop or Short Hops

In our multicast problem, there is a flow rate requirement associated with a multicast tree. To

support such flow rate at a hop, it might be necessary to deploymultiple bands. On the other hand,

we could break up one hop into shorter hops to cover the same multicast group. Since our objective

function is to minimize the use of bands in the network, the choice of one long hop or more short

hops will depend on which one will use fewer number of bands. In other words, the number of

hops is also part of the optimization space.

As an example, in Fig. 2.6(a), for single hop, we need to usek different bands at node1 to

support certain flow rate to nodes4 and5. But if we break up this long hop into two shorter hops,

we might support the same flow rate from node1 to nodes4 and5 with three bands. Here, we

assume the transmission power at node1 is the same under both Figs. 2.6(a) and 2.6(b). Therefore,

if k > 3, then we should use the multi-hop approach in Fig. 2.6(b). Onthe other hand, ifk < 3,

we should use the single-hop approach in Fig. 2.6(a).

The decision of using one long hop or more short hops at any stage is further complicated in

our multicast problem by the fact that the distance from a source node to its multicast destination

nodes could be long (i.e., many decisions along the tree) andthat there are multiple multicast trees

in the network.
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2.3.6 An Example

We conclude our discussion in this section with an example illustrating all the points in this section.

Figure 2.7(a) shows the network topology for a12-node ad hoc network. All units (i.e., distance,

bandwidth, rate, power) are normalized appropriately. In this network, node0 wishes to set up a

multicast tree to nodes1, 4, 6, 10, and11. The required flow rate on this multicast tree is62. The

available frequency bands at each node is given in the figure,with each band having a bandwidth

of 50. The signal fromi to nodej is attenuated with a gain ofgij = d−n
ij , wheren is the path

loss index and is set to4. The transmitting powerP on all nodes is4 · 107η, whereη is the

Ambient noise density. Under this transmitting power, the transmission range is set to30 and the

interference range is set to50.

Suppose the objective function is to minimize the total number of bands required to set up the

multicast tree. Then Fig. 2.7(b) shows an optimal solution,which can be found via exhaustive

search or our own algorithm to be presented in Section 2.5. Inthis optimal solution, node0 uses

bandb to transmit to nodes3 and7; node3 then uses bandd to forward this rate to destination

nodes1 and4 while node7 uses bandsa ande to forward this rate to nodes6, 10 and11. The total

number of bands used in the optimal solution is4 (i.e., bandsb, d, a, e).

Now let’s take a close look at this optimal solution. We enumerate our points as follows.

1. Although destination node4 is within one-hop of source node0, node0 cannot transmit to

node4 directly because there is no common band between the two nodes, as discussed in

Section 2.3.1. Therefore, a multi-hop solution from node0 to node4 is necessary.

2. Destination node4 uses bandd to receive the data from node3. At the same time, node7

is using bandsa ande for transmission. But such transmission on bandsa ande do not

interfere node4 since node4 neither has nor uses these two bands (also see Section 2.3.1).

3. For nodes3 and7 that both transmit and receive, full duplex is achieved by using different

bands at these nodes (also see Section 2.3.2).
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(b) Optimal solution to the CRN example.

Figure 2.7: A CRN example.
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4. In this optimal solution, node7 uses bandsa ande to transport a flow rate of62 to nodes

6, 10, and11. It turns out that bandsa ande is the minimum set of common bands among

nodes7, 6, 10, and11, which happens to be able to support a flow rate of62. Should flow

rate requirement on the multicast group increases, the treewill change and the set of bands

in each one-hop multicast will also change (also see Section2.3.3).

5. Recall in Section 2.3.4, the capacity of one-hop multicast is limited by the node that is

farthest away from the transmitting node. As show in this optimal solution, for the one-hop

multicast at node7, node10 is the farthest node away from7. We find the capacity from

node7 to node10 on one band (e.g.,a) is only 51.3. Therefore, a second band (i.e.,e) is

necessary to support a multicast flow rate of62.

6. In this optimal solution, node7 uses bandsa ande to transport a flow rate of62 to nodes6,

10, and11 in one-hop. It can be shown that node7 may use multiple hops to nodes10 (via 8)

and11 (via 9). But that turns out to be a sub-optimal solution. As discussed in Section 2.3.5,

there is no definitive rule of whether to use one long hop or more short hops. Given that we

will consider multiple multicast tree in this chapter (see Section 2.4), the choice of using one

long hop or more short hops at a node is also part of the optimization problem.

In this section, we explored a number of characteristics (ordifficulties) associated with multi-

cast communication in an ad hoc CRN. In the next section, we formalize our problem with mathe-

matical model. In particular, we study the general case where there are multiple multicast sessions

(or groups) in the network.

2.4 Mathematical Modeling

We consider a CRN consisting of a set ofV nodes. At each nodei ∈ V, there is a set ofBi available

frequency bands that can be used for communications. As discussed,Bi may represent the set of

bands that are unused by primary users and may be different ateach node due to geographical
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difference. Denote the set of commonly available bands between nodesi andj asBij = Bi

⋂

Bj .

DenoteL the set of multicast sessions in the network, with each multicast session consisting of

a source node and multiple destination nodes. For a multicast sessionl ∈ L, denotes(l) the source

node,D(l) the set of destination nodes, andr(l) the rate requirement (in b/s). For each multicast

session, we consider a tree structure for multicast routing. That is, all the nodes involved in the

multicast sessionl form a tree rooted at nodes(l) and with all the nodesD(l) in the tree. Note

that a destination node does not have to be a leaf node on the tree: it may be an intermediate node

within the tree. Further, a source node and a destination node of sessionl may also serve as a relay

node for some other session.

We organize this section as follows. Section 2.4.1 presentsscheduling and interference models.

Section 2.4.2 presents modeling for multicast flow routing.Section 2.4.3 shows how to compute

capacity for one-hop multicast. Section 2.4.4 elaborates the objective of minimizing the total

bandwidth requirement and formulates the problem. Table 2.1 lists all the notation used in this

chapter.

2.4.1 Interference Modeling and Scheduling

Scheduling for transmission at each node in the network can be done either in frequency domain or

time domain. In this chapter, we consider scheduling in frequency domain in the form of assigning

frequency bands (channels). Since time domain based formulation is similar to that for frequency

domain, it can be shown that our approach can be extended to time domain based formulation as

well. We first define the following binary variable for frequency band scheduling,

um
ij (l) =







1 if bandm is used on linki → j for sessionl,

0 otherwise,

wherel ∈ L, i ∈ V, m ∈ Bij , j ∈ T m
i , j 6= s(l), andT m

i is the set of nodes to which nodei can

transmit on bandm. As we have discussed in Section 2.3.1, this set includes nodes that are within

the transmission range of nodei and have the same available bandm, i.e.,T m
i = {j : j ∈ V, 0 <
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Table 2.1: Notation in Chapter 2

Symbol Definition

Bi The set of available bands at a nodei ∈ V

B The union of available bands among all the nodes in the network, B =
⋃

i∈V Bi

Bij The set of available bands on linki → j, Bij = Bi

⋂

Bj

cm
ij The unicast capacity fromi to j on bandm

cm
i The one-hop multicast capacity at nodei on bandm

D(l) The set of destination nodes of a sessionl ∈ L

dij Distance between nodesi andj

eij(l) Binary indicator to mark whether or not linki → j is used for sessionl

fm
ij (l) fm

ij (l) = um
ij (l) · c

m
i

gij Path attenuation loss from nodei to nodej

Im
j The set of nodes that can make interference at nodej on bandm

L The set of multicast sessions in the network

n Path loss index

P The transmission power at a transmitter

RT , RI The transmission and interference ranges

r(l) Multicast flow rate of sessionl

s(l) Source node of multicast sessionl

T m
i The set of nodes that nodei can transmit to and receiving from on bandm

Ti The set of nodes that nodei can communicate with on at least one of its bands,

Ti =
⋃

m∈Bi
T m

i

um
ij (l) Binary indicator to mark whether or not bandm is assigned to linki → j for sessionl

V The set of nodes in the network

W Bandwidth of a frequency band

xm
i (l) Binary indicator to mark whether or not bandm is used for transmission at nodei for sessionl

yj(l) The depth of nodej in the multicast tree for sessionl

η Ambient Gaussian noise density



20

dij ≤ RT , m ∈ Bj}.

Assuming the granularity of frequency bands can be made small enough for scheduling, we

will assign an available band at each transmitting node to atmost one multicast sessionl ∈ L.

That is, ifum
ij (l) = 1 thenum

iq(k) = 0 for another sessionk. This scheduling relationship can be

written more compactly as follows.

um
iq(k) ≤ 1 − um

ij (l) (i ∈ V, m ∈ Bi, j ∈ T m
i , l ∈ L, q ∈ T m

i , k ∈ L, k 6= l) . (2.1)

As we have discussed in Section 2.3.1, when nodej is receiving from nodei on bandm, the set

of nodes that can make interference to nodej should keep silent on bandm. This setIm
j includes

nodes that are within the interference range of nodej and have the same available bandm, i.e.,

Im
j = {p : p ∈ V, dpj ≤ RI , m ∈ Bp}. Then the scheduling relationship discussed in Section 2.3.1

meansum
ij (l) = 1 will lead toum

pq(k) = 0 for another linkp → q. This scheduling relationship can

be written more compactly as follows.

um
pq(k) ≤ 1 − um

ij (l) , (2.2)

wherel ∈ L, i ∈ V, m ∈ Bij , j ∈ T m
i , j 6= s(l), k ∈ L, p ∈ Im

j , p 6= i, q ∈ T m
p , q 6= s(k). Note

that the so-called “self-interference” constraint, i.e.,a node cannot transmit and receive on the

same band, is embedded in the above constraint (by settingp = j). Furthermore, by settingq = j,

the constraint prohibits the same receiving node from simultaneously receiving from two differ-

ent nodes on the same band (collision), which is consistent with our scheduling in the frequency

domain.

2.4.2 Multicast Routing

Multicast Tree Construction

For a multicast sessionl ∈ L, its source nodes(l) must send its data with a rater(l) to a set of

destination nodesD(l). Note that a destination node does not have to be a leaf node – it can be an

internal node in the tree and helps out relaying traffic to other destination nodes.
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We start our mathematical modeling with the following definition.

eij(l) =







1 if link i → j is an directed edge in the multicast tree for sessionl,

0 otherwise,

wherel ∈ L, i ∈ V, j ∈ Ti, j 6= s(l), andTi denotes the nodes that nodei can communicate with

on at least one of its bands, i.e.,Ti =
⋃

m∈Bi
T m

i . Note that ifi ∈ D(l) (i.e., a destination node)

and is not on the leaf of the tree, then this destination node is an internal node of the tree and helps

relay traffic to other destination nodes.

We first show the relationship betweeneij(l) andum
ij (l). If eij(l) = 0, i.e., link i → j is not

used by the multicast tree for sessionl, then no band should be assigned to linki → j for sessionl,

i.e.,um
ij (l) = 0 for all m ∈ Bij . If eij(l) = 1, then there must be at least one band assigned to link

i → j for sessionl. Mathematically, the above relationships can be written asfollows.

um
ij (l) ≤ eij(l) ≤

∑

ρ∈Bij

uρ
ij(l) (l ∈ L, i ∈ V, j ∈ Ti, j 6= s(l), m ∈ Bij) . (2.3)

For sessionl’s multicast tree, the following constraints must be satisfied.

• For a nodei ∈ V, if it is the source node of sessionl, i.e.,i = s(l), then it must have at least

one out-going edge on the tree. That is,

∑

j∈Ti

eij(l) ≥ 1 (l ∈ L, i = s(l)) . (2.4)

• For a nodej ∈ V, if it is a destination node of sessionl, i.e.,j ∈ D(l), then it must have one

incoming edge.1 That is,

∑

i∈Tj

eij(l) = 1 (l ∈ L, j ∈ D(l)) . (2.5)

• For a nodej that is neither the source node of sessionl nor one of its destination nodes, i.e.,

j 6= s(l) andj /∈ D(l), then it may (or may not) serve as a relay node in the tree. For either

1Note that flow splitting at intermediate relay nodes is not considered in this chapter.
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Figure 2.8: An example of potential cycle in multicast tree construction.

case, we have,

∑

i∈Tj

eij(l) ≤ 1 (l ∈ L, j ∈ V, j 6= s(l), j /∈ D(l)) . (2.6)

That is, if nodej is a relay node, then there is one edge entering nodej, otherwise there is

no edge entering nodej. Further, if there is an incoming edge to nodej, then it must have at

least one outgoing edge, i.e., if
∑

i∈Tj
eij(l) = 1, then

∑

q∈Tj ,q 6=s(l) ejq(l) ≥ 1. Otherwise, no

outgoing edge should come out of nodej, i.e.,
∑

q∈Tj ,q 6=s(l) ejq(l) = 0. These two scenarios

can be mathematically formulated as follows.

∑

i∈Tj

eij(l) ≤
∑

q∈Tj ,q 6=s(l)

ejq(l) ≤ (|Tj | − 1) ·
∑

i∈Tj

eij(l) (2.7)

wherel ∈ L, j ∈ V, j 6= s(l), j /∈ D(l), and(|Tj | − 1) is an upper bound on the nodes thatj

can transmit to.

Cycle Prevention

It is important to realize that the constraints described for multicast tree construction cannot ensure

the potential existence of cycle(s). As an example, in Fig. 2.8, source nodes(l), attempts to send

data to two destinations nodesd1(l) andd2(l). But it is not hard to see that the incorrect solution

shown in the figure satisfies all constraints for multicast tree construction. The main reason for this

problem is because when a destination node (or a relay node) receives traffic and forwards to the

next hop, there is no mechanism for this node to ensure that the traffic it receives is indeed from a

node that is one level higher on the multicast tree (i.e., one-hop closer to the source node).
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To address this problem, we define a new variableyj(l) for each nodej to indicate its depth on

a multicast tree for sessionl. Specifically,yj(l) is defined as follows.

yj(l) =



















−1 nodej is not in the multicast tree for sessionl,

0 nodej is the source node of multicast tree for sessionl,

h nodej has a depth ofh in the multicast tree for sessionl.

(l ∈ L, j ∈ V)

For a nodej, if it is the source node, then we have

yj(l) = 0 (l ∈ L, j = s(l)) . (2.8)

Otherwise, when it is not in the tree, i.e.,
∑

i∈Tj
eij(l) = 0, we haveyj(l) = −1; when it is in the

tree, i.e.,
∑

i∈Tj
eij(l) = 1, we have1 ≤ yj(l) ≤ |V| − 1. The above two cases can be put into the

following compact form.

2
∑

i∈Tj

eij(l) ≤ yj(l) + 1 ≤ |V|
∑

i∈Tj

eij(l) (l ∈ L, j ∈ V, j 6= s(l)) . (2.9)

Now we consider the relative depth between two nodesi andj. For the case that nodei is the

parent of nodej, i.e.,eij(l) = 1, thenyj(l) − yi(l) = 1. For the case that nodei is not the parent

of nodej, i.e.,eij(l) = 0, then we have−|V| ≤ yj(l) − yi(l) ≤ |V| (due to the fact that bothyj(l)

andyi(l) are within the interval[−1, |V| − 1]). The above two cases can be stated mathematically

as follows.

yj(l) − yi(l) ≥ eij(l) · (|V| + 1) − |V| (l ∈ L, j ∈ V, j 6= s(l), i ∈ Tj) , (2.10)

yj(l) − yi(l) ≤ |V| − (|V| − 1) · eij(l) (l ∈ L, j ∈ V, j 6= s(l), i ∈ Tj) . (2.11)

We have the following lemma.

Lemma 1. The use ofyj(l) variables (j ∈ V, l ∈ L) guarantees cycle free in the multicast tree for

each sessionl.

Proof. The proof is based on contradiction. Suppose that (2.8) to (2.11) hold and that there is a

cycle for sessionl. Assume this cycle consists ofz links i1 → i2, i2 → i3, · · · , iz−1 → iz andiz →
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i1, with z ≥ 2. Then based on (2.10) and (2.11), we haveyi2(l) − yi1(l) = 1, yi3(l) − yi2(l) = 1,

· · · , yiz(l) − yiz−1(l) = 1, yi1(l) − yiz(l) = 1 (z ≥ 0). Summing up all thesez equations, the

left-hand-sides will all be canceled out, and the right-hand-sides add up toz, leading to0 = z, a

contradiction to the assumption that the number of links in the cyclez ≥ 2. This completes the

proof.

2.4.3 One-Hop Multicast Capacity and Flow Rate Constraints

The formulation for multicast tree construction in the lastsection only address our problem from a

graph perspective. In this section, we impose constraints on capacity and flow rate on the multicast

tree.

One-Hop Multicast Capacity. Now we consider a one-hop multicast where nodei transmits to

some of its one-hop neighbors on bandm simultaneously by taking advantage of wireless multi-

cast advantage (WMA) [51]. Denotecm
i the capacity of this one-hop multicast. As discussed in

Section 2.3.4, this capacity is limited by the node that is farthest away from nodei (see Fig. 2.5),

i.e., cm
i is upper bounded bycm

ij = W log2(1 +
gijP

ηW
) for each nodej that is receiving on bandm,

wherecm
ij is the unicast capacity,W is the bandwidth of bandm, gij is the path attenuation loss

from nodei to nodej, P is the transmission power, andη is the ambient Gaussian noise density.

Then for eachi ∈ V andm ∈ Bi,

cm
i ≤ cm

ij (l) · u
m
ij + C · [1 − um

ij (l)] (for all j ∈ T m
i , l ∈ L) , (2.12)

whereC is a sufficiently large number and means thatcm
i will not be constrained ifum

ij (l) = 0.

In the case that nodei is not using bandm (i.e.,um
ij (l) = 0 for all j ∈ T m

i , l ∈ L), thencm
i = 0.

This constraint can be written as

cm
i ≤ C ·

∑

l∈L

∑

j∈T m
i

um
ij (l) (i ∈ V, m ∈ Bi) . (2.13)

Flow Rate Constraints. Given our modeling for one-hop multicast capacity, we now show how

they serve as constraints on traffic flows. On each link, we must ensure that the flow rate on this
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link does not exceed the link’s capacity. We have

r(l) · eij(l) ≤
∑

m∈Bij

um
ij (l) · c

m
i (l ∈ L, i ∈ V, j ∈ Ti) . (2.14)

wherer(l) is the constant rate requirement for multicast sessionl ∈ L. Note that it is possible that

sessionl may use multiple bands on linki → j, which is considered in (2.14).

To remove the nonlinear term on the right-hand-side of (2.14), we introduce a new vari-

ablefm
ij (l) and define it as

fm
ij (l) = um

ij (l) · c
m
i . (2.15)

Then (2.14) can be rewritten as

r(l) · eij(l) ≤
∑

m∈Bij

fm
ij (l) (l ∈ L, i ∈ V, j ∈ Ti) . (2.16)

By replacingum
ij (l) · cm

i with fm
ij (l), we need to add additional constraints forfm

ij (l) as follows.

For integer variableum
ij (l), we have the following relaxed constraints:um

ij (l) ≥ 0, 1 − um
ij (l) ≥ 0.

For variablecm
i , we have:cm

i ≥ 0, C − cm
i ≥ 0. Multiplying each constraint involvingum

ij (l) by

one of the two constraints involvingcm
i , and replacing the product termum

ij (l) · cm
i with the new

variablefm
ij (l), we obtain the following four constraints

fm
ij (l) ≥ 0 (l ∈ L, i ∈ V, j ∈ Ti, m ∈ Bij) , (2.17)

fm
ij (l) ≤ cm

i (l ∈ L, i ∈ V, j ∈ Ti, m ∈ Bij) , (2.18)

fm
ij (l) ≤ um

ij (l) · C (l ∈ L, i ∈ V, j ∈ Ti, m ∈ Bij) , (2.19)

fm
ij (l) ≥ um

ij (l) · C − C + cm
i (l ∈ L, i ∈ V, j ∈ Ti, m ∈ Bij) . (2.20)

Note that due to the relaxation of integer variableum
ij (l) and the product operations, the above

four constraints forfm
ij (l) are likely to be looser than that for (2.15). However, in the special

case whenum
ij (l) is a binary variable, it can be easily verified that (2.15) is equivalent to the four

constraints in (2.17) to (2.20). Therefore, it is sufficientto have five linear constraints (2.16) to

(2.20) to represent (2.14).



26

2.4.4 Problem Formulation

Our objective is to minimize the required network-wide resource to support a set of multicast

sessionsL in the network. Resource can be measured in a number of ways. Here, we adopt a new

metric calledBandwidth Footprint Product(BFP) to measure the spectral and spatial occupancy

of multi-band radio communication. BFP was first introducedby Liu and Wang (under the name

of space-bandwidth product) in [29] and has since successfully been used (see, e.g, [19,41]) to

measure network-wide resource usage in a CR network. Given that we assume the transmission

power on each band at each node isP , the footprint by each active band is thus identical. Therefore,

minimizing network-wide BFP is equivalent to minimizing network-wide bandwidth usage.

To calculate network-wide bandwidth usage, it is necessaryto know which set of bands at each

node has been used for transmission. For this purpose, we introduce a binary variablexm
i , which

is defined as follows.

xm
i =







0 bandm is not used at nodei for transmission,

1 bandm is used at nodei for transmission.
(i ∈ V, m ∈ Bi)

Then the objective function is to minimize
∑

i∈V

∑

m∈Bi
xm

i W . Since we assume thatW is the

same for each band, we can drop it from the objective function, i.e.,

min
∑

i∈V

∑

m∈Bi
xm

i . (2.21)

Now we give constraints on the new variablexm
i in the objective function. At nodei ∈ V on

bandm ∈ Bi, if um
ij (l) = 1 for anyj ∈ T m

i andl ∈ L, thenxm
i = 1, i.e.,

um
ij (l) ≤ xm

i (for all j ∈ T m
i andl ∈ L) . (2.22)

Otherwise, at nodei ∈ V on bandm ∈ Bi, if um
ij (l) = 0 for all j ∈ T m

i andl ∈ L, thenxm
i = 0,

i.e.,

xm
i ≤

∑

l∈L

∑

j∈T m
i

um
ij (l) . (2.23)
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In summary, our optimization problem is to minimize network-wide BFP, i.e., (2.21), subject

to the constraints in (2.1)–(2.13), (2.16), (2.18) – (2.20), (2.22), and (2.23). In the formulation,

W, |V|, |Tj|, η, gij, c
m
ij , C, P , and r(l) are constants, whilecm

i ≥ 0, fm
ij (l) ≥ 0 are continuous

variables,yj(l) is an integer variable within interval[−1, |V| − 1], andum
ij (l), eij(l), andxm

i are

binary variables. This is a mixed integer linear program (MILP), which is NP-hard in general [10].

Although an optimization solver (e.g., CPLEX) can obtain a solution for small-sized networks via

branch-and-cut procedure [31] (exponential complexity),the time required for medium- or large-

sized networks is prohibitively high.

2.5 A Proposed Solution

In this section, we propose a polynomial-time solution to our optimization problem that offers very

competitive performance. The main mathematical approach employed by the solution is to fix a

set of integer variables iteratively via a relaxed LP of the original problem. During each iteration,

we take explicit topological consideration when fixing integers and follow a “bottom-up” approach

(from leaf to root) for tree construction. In the rest of thissection, we give details of these two key

ideas in our solution.

2.5.1 Sequential Fixing of u-Variables

Main Idea. For the original MILP problem, we observe thatu variables have special significance.

By definition,um
ij (l) is a binary indicator to mark whether or not bandm is assigned to linki → j

for sessionl. In other words,um
ij (l)’s are scheduling variables. We find that once the values

for um
ij (l)’s are all determined, the values fore, y andx variables can be determined by (2.3),

(2.8) – (2.11), and (2.22) – (2.23), respectively. Subsequently, the original MILP problem can be

reduced to a LP, which can be solved in polynomial time. Thus,the key step in solving the MILP

problem is the determination of these binaryu variables.
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u u
Figure 2.9: Flow chart of proposed solution.

In our proposed solution, we will consider a special subset of the um
ij (l) variables at each it-

eration and fix some of them during the iteration. The choice of such subset ofum
ij (l)’s will be

explained in detail in Section 2.5.2. Here, we will first givea basic idea on how the algorithm

works.

At each iteration, we will solve a LP problem containing those um
ij (l)’s (that are yet to be

determined) being relaxed from their strict integer constraints, i.e., can take continuous values.

Depending on the value of theseum
ij (l)’s in the LP solution, we will consider a special subset

of um
ij (l)’s and assign1 to one (or more of them) permanently. Note that the fixing of some u

variables at each iteration will also lead to the fixing of relevantx, e, andy variables as well as other

closely relatedu variables through those constraints that relate them. As the iteration continues,

more and moreum
ij (l)’s will be “fixed” to binary values (1 or 0) permanently and eventually all of

them will be fixed. At the end of the last iteration, all these integer variables will be fixed and the

values for the other variables can be obtained by solving a LP.

Some Details. The flow chart of the proposed solution is shown in Fig. 2.9. Before the first

iteration, we relax all the binary variables. That is, we relax all binary integer variablesu, x ande

to interval[0, 1] and relax integer variablesy to interval[−1, |V| − 1]. The relaxation of all these
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integer variables in the original MILP problem leads to a LP problem.

After solving this LP, if it is infeasible, then the algorithm stops, i.e., we do not have a feasible

solution to support the set ofL multicast sessions in the network. Otherwise, we have a feasible

solution to the LP with eachum
ij (l) having a value within the interval[0, 1]. In the first iteration,

since none of theu variables have been fixed yet, we will consider a special subset of u variables

(see Section 2.5.2) and fix one or more of theu variables to 1 based on their closeness to 1.

Note that the fixing of someu variable to1 is likely to lead to additional fixing ofx, e, y, as

well as otheru variables in the same iteration. To see this, let’s supposeum
ij (l) has just been fixed

to 1 in this iteration. Then it is not hard to see that we can further fix more variables’ values. That

is, by (2.22), we can fixxm
i to 1; by (2.1), we can fix correspondingum

iq(k) to 0; by (2.2), we can

fix correspondingum
pq(k) to 0 for all p andk , then we can further setxm

p to 0 by (2.13); by (2.3),

we can also fixeij(l) to 1. Onceeij(l) has been set to 1, then by (2.5) and (2.6), we can further set

correspondingepj(l) to 0. After epj(l) is set to0, then by (2.3), we can setum
pj(l) to 0 for all m.

With all those fixed variables in this and past iterations, wecan build a new LP and move on

to the next iteration. Eventually, all theu variables will be fixed, along with integer variablesx, e,

andy and a feasible solution to our problem may be obtained.

2.5.2 Bottom-Up Fixing of Selected u Variables

We now give details on what special subset ofu variables that we will consider for fixing in each

iteration. Recall that our goal is to obtain a multicast treefor each session once allu variables are

fixed. If we fix u variables solely based on its closeness to1 at each iteration (without any joint

topological consideration), then we find that the tree construction process is rather chaotic and has

the tendency to yield no solution for a session. As a result, we conclude that it is most important

to incorporate topology consideration (i.e., tree construction) into the fixing ofu variables.

There are two possible approaches to include tree construction consideration in fixingu vari-

ables. A natural approach is to construct a tree for a sessionfollowing a “top-down” approach,
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(a) Nodej is a destination node of a multicast sessionl. (b) Nodej already has a route (fixed in previous iterations)

to a destination node of sessionl.

Figure 2.10: Selection of subset ofu variables to be fixed at each iteration.

i.e., from the root (source node) toward its leaf nodes (destination nodes). The problem with a top-

down approach is that when we consider a set ofu variables at a node, it is difficult to determine

how each candidateu variable that is eligible for fixing is related to each destination node. That is,

a top-down approach of fixingu variables at a node lacks directional information to the destination

nodes. As a result, such approach suffers from directional “blindness” in fixingu variables and is

thus not chosen in our approach.

On the other hand, if we start considering those candidateu variables that are eligible for fixing

at the destination nodes and working toward the source node (i.e., “bottom-up” approach), then the

direction-blindness problem associated with top-down approach can be avoided. For this reason,

we adopt bottom-up fixing in our solution. Specifically, whenwe fixu variables, we only consider a

subset of thoseum
ij (l)’s with either nodej being a destination node of a multicast sessionl, or nodej

having at least one route (which has already been fixed in previous iterations) to a destination node

of sessionl (see Fig. 2.10). Among all those eligibleu variables, we choose the one that is the

largest (closest to 1) and fix it to1. That is, the fixing ofu variables is specifically tailored to

the bottom-up construction of a multicast tree for the session. We call thistopology-drivenfixing

algorithm.

Another mechanism that we employ in bottom-up tree construction is subtree merging.That

is, we attempt to exploit WMA as much as possible by joining multiple subtrees with the same

node one hop closer to the root. This idea is best illustratedin Fig. 2.11 where two subtrees with
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Figure 2.11: Merge of two subtrees in bottom up fixing due to a local broadcast.

current root nodesj andq are combined together at nodei (one hop closer to the source node)

with one local broadcast (WMA). However, such joining of multiple sub-trees during multicast

construction is performed only when certain criteria are met. In particular, afterum
ij (l) is fixed to1

(i.e., the transmission from nodei to nodej is performed by a local broadcast), we will use the

same local broadcast at nodei to cover another subtree with root atq (i.e., fix um
iq(l) to 1) if (i)

um
iq(l) > 0 in the current relaxed LP solution;2 and (ii) adding nodeq into this one-hop multicast

group does not increase the total number of required bands atnodei.

2.5.3 Post-Sweep Procedure

After we build the multicast trees and assign bands to each links by the above bottom-up fixing

steps (i.e., we obtain a solution to the original MILP problem), it is possible that we can further

improve the solution by a post-sweep procedure which can eliminate unnecessary transmissions.

Before describing the procedure, we show an example. Fig. 2.12(a) shows a part of the tree for

multicast sessionl, where nodei is transmitting to nodesj1, j2, j3 on bandsm1, m2, and nodep is

transmitting to nodej4 on bandm3. In this example, when nodep transmits on bandm3, nodes

j1 andj2 can also receive the data and bandm3 is enough for the transmission from nodep to

2Otherwise (i.e.,um
iq(l) = 0 in the relaxed LP solution), assigningum

iq(l) to 1 is likely to lead to poor or infeasible

solution as doing so is not recommended by the current LP solution.
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(a) Node i is transmitting to nodesj1, j2, j3 on band

m1, m2.

(b) Nodesj1, j2 been detached from nodei and at-

tached to nodep, the transmission on bandm2 at node

i can be removed.

Figure 2.12: Example for post-sweep procedure.

Proposed Algorithm

1. Set up initial relaxed LP problem.

2. Solve the relaxed LP problem. If it is infeasible, then stop and we cannot find a solution

to the original problem.

3. If all u variables are fixed, then we have an solution to the original problem, goto step 8.

Otherwise, goto next step.

4. Selectum
ij (l) that has the largest value among all unfixedu variables withj is either a

destination node inD(l) or has a route to a destination node inD(l).

5. Find any other node that can be covered by this transmission. The correspondingu

variables are also selected to be fixed as1.

6. Based on constraints (2.1)–(2.7), (2.9)–(2.11), (2.22), and (2.23), fix moreu, e, x, andy

variables.

7. Reformulate a LP problem with newly fixed variables and goto step 2.

8. Perform the post-sweep procedure to refine the solution.

Figure 2.13: Pseudocode of proposed algorithm.
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nodesj1 andj2. Then if we detach nodesj1 andj2 from transmitting nodei and attach them to

nodep, the transmission on bandm1 or m2 at nodei can be eliminated since one band is enough

to support the transmission from nodei to nodej3, as shown in Fig. 2.12(b).

To summarize, the post-sweep procedure runs by several iterations. Within each iteration, there

is an outer loop which goes over each transmitting nodep by breadth first search (BFS), and an

inner loop which goes over each transmitting nodei by BFS. For thosei 6= p, we consider the sub-

set of children nodes ofi that satisfy (i) they are within the transmission range of nodep; (ii) they

can receive the data from nodep on some bands and will not be interfered by other transmission

on these bands; (iii) these bands provide enough capacity for the bit rate requirement. If we detach

such subset of children from nodei and attach them to nodep will reduce the bandwidth usage at

nodei, then we modify the tree accordingly. Furthermore, after this switching of parent nodes, if

any node becomes a leaf node but it is not a destination node, we should remove the transmission

coming from its parent. For example, in Fig. 2.12(a), ifj3 is not in the tree, then after switching

the parent ofj1, j2 to nodep, we should not only eliminate the transmission on bandsm1, m2 at

nodei, but also remove the transmission froms to nodei if i is not a destination node. We continue

running this sweep iteration until no further improvement can be achieved.

Since the total number of transmissions in the first solutionis bounded byO(|N |· |B| · |L|), and

each iteration has improvement thus will reduce the number of transmissions, the total number of

the iteration is polynomial. Within each iteration, the algorithm performs polynomial operations,

therefore the post-sweep procedure is also polynomial. Andthe complexity of this post-sweep pro-

cedure is minor part compared to the previous bottom-up fixing mechanism thus will not increase

the order of our proposed algorithm. The pseudo-code of the proposed algorithm with bottom-up

fixing mechanism is given in Fig. 2.13.
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2.6 Simulation Results

In this section, we present simulation results for our proposed solution. The main goal is to demon-

strate the performance of our algorithm.

2.6.1 Comparison Metric

Since our MILP problem is NP-hard in general [10], it is impractical to solve it via an optimization

solver such as CPLEX within reasonable amount of time. Nevertheless, we can still run the prob-

lem in CPLEX solver; terminate the computation under a given(tolerable) time limit; and use the

current (intermediate) lower bound obtained by the solver as a target for comparison. Obviously,

such lower bound is likely to be very conservative and sets a high standard for our solution to

measure up.

For ease of comparison, we will normalize our result w.r.t. the lower bound obtained by

CPLEX. Note that the optimal solution (unknown) is between the solution obtained by our al-

gorithm and the lower bound by CPLEX. Thus, if the normalizedresult is close to1, then our

solution must be even closer to the optimum.

2.6.2 Simulation Setting

For ease of scalability, we normalize all units for distance, bandwidth, power, rate with appropriate

dimensions. We consider randomly generated ad hoc network topology consisting of20, 30 and40

nodes, respectively. For a20 or 30-node network, the area of deployment is a100 × 100 square

whereas for a40-node network, the area is125×125. We assume|B| = 15 andW = 50. The set of

available bands at each node is randomly selected from the set of 15-band pool. The transmission

powerP is set to4 · 107η. The transmission range and the interference range are set to 30 and50,

respectively. The path loss indexn is set to4.

We assume there are|L| = 2 multicast sessions for20-node networks, and|L| = 3 multicast
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Figure 2.14: A30-node CR ad hoc network used in the example.

sessions for30 and40-node networks. For each multicast session, the source nodeis randomly

selected and the set of destination nodes is also randomly selected with a size within[2, 5]. The

rate requirement for each session is randomly chosen within[40, 100].

2.6.3 An Example

In the following section (Section 2.6.4), we will present150 sets of results for randomly generated

20-, 30-, and40-node networks. Before we present all those results, we willlook into one instance

of such result and gain some insights. The particular instance that we will examine is a30-node

network shown in Fig. 2.14, where pentacles represent source nodes, stars represent destination

nodes, and circles represent other nodes in the network. Table 2.2 specifies the source nodes, the

set of destination nodes for each source, and rate requirement for each session in the network. The

location and available bands of each node are listed in Table2.3.
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Table 2.2: Source node, destination nodes, and rate requirement of each session in the example

30-node network.

Source Node Destination Nodes Rate Requirement

4 1,24,29 43

22 11,12,14,17 46

26 7,10,18,19 87

Table 2.3: Each node’s location and available frequency bands for the example30-node network.

Node Location Available Bands Node Location Available Bands

1 (40.4, 69 ) 3,4,5,6,9,10,11,13,14 16 (94.7, 77.7) 1,7,9,12,14,15

2 (0.5, 18.8 ) 1,15 17 (26.1, 53.7) 2,3,4,5,6,7,10,13,14

3 (41.3, 10.5) 3,7,8,10,11,12,13 18 (14.9, 68.7) 2,3,4,5,6,13,14

4 (54.8, 76.8) 4,5,6,9,11,12,14,15 19 (30.9, 24.6) 2,3,7,8,10,11,12,13,15

5 (84.4, 13 ) 1,2,4,5,9,10,11 20 (10.2, 5.5 ) 1,11,12,15

6 (76.4, 1.9 ) 1,5,8,9,10,11 21 (90.5, 65.3) 1,2,7,9,12,14,15

7 (75.4, 45.1) 1,2,3,4,9,12,13,14,15 22 (14.4, 47.8) 2,3,6,7,8,10,13

8 (95.4, 98.1) 7,15 23 (83.6, 23.5) 1,2,3,4,9,10,11,12,13,14,15

9 (3.7, 88.5 ) 3,6,13,14 24 (60.6, 98.9) 5,9,11,14

10 (69.8, 67.6) 1,3,4,5,7,9,12,14,15 25 (99.1, 87.5) 1,7,9,12,14,15

11 (16.4, 82.6) 3,5,6,13,14 26 (87.8, 52.8) 1,2,3,7,9,12,14,15

12 (53.9, 41.6) 1,3,4,7,10,11,13,14,15 27 (44.1, 47.5) 2,3,4,5,7,10,11,13,14

13 (67.4, 88.2) 1,4,5,7,9,12,14,15 28 (52.9, 63.7) 1,3,4,5,6,9,10,12,13,14,15

14 (32.5, 1.1 ) 3,7,8,11,12,13,15 29 (48.4, 20.7) 3,7,8,10,11,12,13,15

15 (5.9, 57.6 ) 2,3,6,8,13 30 (25.3, 70.8) 2,3,4,5,6,10,13,14
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Figure 2.15: Solution for multicast sessions for the example 30-node CR ad hoc network.

The objective value obtained by our solution is12, while the lower bound by CPLEX is also12

for this instance. Thus, the normalized result is1, indicating our solution happens to coincide with

the optimal solution for this instance.

Figure 2.15 shows the details of our results. The numbers embedded in gray and over a link

indicate the bands used for this transmission. As shown in the figure, WMA is employed on nodes

4, 12, 15, 19, 22, 26. Also note that since session3 has a high rate requirement (87), one band

is not adequate to support this multicast transmission fromnode12 to both nodes19 and27. As

a result, node12 now uses two bands (10 and11) to transmit data to node19 (also broadcast to

node27).
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Figure 2.16: Results for50 instances of20-node CR ad hoc network.
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Figure 2.17: Results for50 instances of30-node CR ad hoc network.
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Figure 2.18: Results for50 instances of40-node CR ad hoc network.

2.6.4 Simulation Results on 150 CRNs

We now present complete results for20-, 30-, and40-node CR ad hoc networks. The results are

shown in Figs. 2.16, 2.17 and 2.18, respectively. For each network size, we generate 50 network

instances with different parameter settings (see Section 2.6.2) and run both our proposed solution

and CPLEX optimization solver (to obtain a lower bound). In each figure, thex-axis gives the

index for each network instance and they-axis shows the normalized objective function (w.r.t. the

lower bound obtained via CPLEX). Therefore, the normalize objective value is always be greater

than or equal to1. Given that the optimal solution must lie within our solution and the lower bound,

the closer the normalize objective value to1, the better the solution, with1 being the case that the

solution is optimal.

In Table 2.4, we list the mean and standard deviation of the normalized objective value for the

20-, 30-, and40-node network, all with50 simulation runs. For each network size, the mean is

close to 1 and the standard deviation is small, indicating that the result from our proposed solution
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Table 2.4: Average normalized objective value and standarddeviation for20-, 30-, and40-node

networks, each run over50 network instances.

Network Size Average Normalized Objective Standard Deviation

20-node 1.050 0.064

30-node 1.111 0.095

40-node 1.117 0.082

is very close to the lower bound obtained by CPLEX. In many cases, the solution by our algorithm

is identical to the lower bound, which means that the solution coincides with optimum. Since the

optimal solution is between our result and our lower, we conclude that our proposed solution is

very close to optimal and thus is highly competitive.

2.7 Conclusion

Given the wide acceptance of CR for future wireless communications, in this chapter, we studied

multicast communication problem in an ad hoc network where each node is equipped with a CR.

The goal is to minimize the required network resource to support a set of multicast sessions, with

each multicast session associated with a given flow rate. We showed that the unique characteris-

tics associated with CR make this problem much more complex and difficult than that for an ad

hoc network based on traditional hardware-based radio. We formulated the resource optimization

problem into a mixed integer linear program (MILP) via a cross-layer approach. We developed a

polynomial time algorithm that incorporates several novelideas such as identification of key inte-

ger variables, fixing these variables via a series of relaxedlinear programming, and tying up such

integer fixing with a bottom-up tree construction. Based on simulation results, we showed that the

proposed algorithm offers highly competitive solution, based on its closeness to a lower bound.



Chapter 3

Joint Optimization of MIMO and Cognitive

Radio Networks

3.1 Introduction

In parallel to the development of CR for DSA, MIMO [4, 45] has widely been accepted and now

implemented in commercial wireless products to increase capacity. The goal of MIMO and how

it operates are largely independent and orthogonal to CR. Instead of exploiting idle channels for

wireless communications, MIMO attempts to increase capacity within the same channel via space-

time processing [14]. In particular, by employing multipleantennas on both the transmitting and

receiving nodes, wireless channel capacity can scale almost linearly with the number of antennas

(via spatial multiplexing) [9, 43]. Further, with zero-forcing beamforming (ZFBF) [5, 47], a node

may uses its degrees of freedom to mitigate interference from other nodes or its own interference

to other nodes.

Currently, the advances of CR (see, e.g., [16, 19, 30, 32, 35,39, 41]) and MIMO (see, e.g.,

[3, 7, 15, 21–24, 40, 42, 44]) are largely independent and parallel to each other. CR operates on the

channel/band level to exploit efficiency across spectrum dimension while MIMO operates within

41
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the same channel to exploit efficiency within the same band. Recognizing the joint potential of CR

(across spectrum bands) and MIMO (within the same spectrum band), S. Haykin pointed out that

“... it seems logical to explore building the MIMO antenna architecture in the design of cognitive

radio. The end-result is a cognitive MIMO radio that offers the ultimate in flexibility” [17].

Assuming that CR and MIMO will ultimately marry each other and offer the ultimate flex-

ibility in DSA and spectrum efficiency, we would like to inquire the potential capacity gain in

this marriage. In particular, we are interested in how such marriage will affect capacity of a user

communication session in amulti-hopCRN. If we assume that each node in a CRN is equipped

with AMIMO antennas, then one would expect at leastAMIMO -fold capacity increase when compared

to a CRN with only a single antenna at each node, due to spatialmultiplexing gain from MIMO.

Now observing that CR and MIMO handle interference differently (with CR from channel level

and MIMO within a channel), we ask the following fundamentalquestion:Will joint optimiza-

tion of CR (via channel assignment) and MIMO (via DoF allocation) offers more thanAMIMO-fold

capacity increase?

In this chapter, we investigate this fundamental problem. The answer to this question is im-

portant as it will show whether or not joint optimization of both technologies is necessary, given

that one already can haveAMIMO -fold capacity increase by using MIMO spatial multiplexing. We

consider a multi-hop MIMO-empowered CR network, which we call CRNMIMO . We develop a

tractable mathematical model for CRNMIMO , which captures the essence of channel assignment

(for CR) and DoF allocation (for MIMO). We formulate this joint optimization problem into a

mathematical program with the goal of maximizing the minimum rate among user sessions. Then,

based on this mathematical model, we use numerical results to show how channel assignment in

CRN and DoF allocation in MIMO can be jointly optimized to maximize capacity. We give an

affirmative answer that the joint optimization of CR and MIMOcan offermore thanAMIMO -fold

capacity increase for a CRN with only a single antenna at eachnode.

The remainder of this chapter is organized as follows. In Section 3.2, we offer some basic

understanding of CR and MIMO, thus laying the foundation formathematical modeling. In Sec-
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tion 3.3, we present mathematical models for joint optimization of CR and MIMO. In Section 3.4,

we present numerical results and validate the capacity increase with joint optimization. Section 3.5

concludes this chapter.

3.2 Understanding CRNMIMO

In this section, we review some important characteristics associated with MIMO-empowered CRN,

or CRNMIMO . First, on channel level, the CRNs exploit available spectrum and handle interference

via the use of different channels, as we discussed in Section2.3.1. Second, within a channel,

MIMO mitigate co-channel interference via ZFBF (i.e., using DoF), as we will discuss in the fol-

lowing section. A thorough understanding of these interference avoidance/cancellation techniques

across/within channels is critical to mathematical modeling and ultimately fully exploit the poten-

tial of CRNMIMO .

3.2.1 Co-Channel Interference Cancellation with MIMO DoFs

Complementary to a CR’s ability to handle interference at the channel level, MIMO can further

mitigate potential interference within a channel (band). The total number of antennas at a node is

calleddegrees of freedom(or DoFs) [36] at the node. A node can use some or all of its DoFsfor

either spatial multiplexing (to achieve multiple concurrent data streams over a link) or co-channel

interference cancellation (to enable multiple links on thesame band), as long as the number of

DoFs being used does not exceed the number of antennas at the node.

The allocation of DoFs at a node for data transmission or interference cancellation depends on

how the nodes in the network are “ordered”. The significance of such ordering will be discussed

late in this section. For a given ordered node list, the DoFs at a node can be allocated as follows.

• Transmitting Node Behavior. First, the transmitting node needs to allocate DoFs for data

transmission. The number of DoFs to be allocated equals to the number of data streams to be



441 d a t a s t r e a m
3 d a t a s t r e a m s

Figure 3.1: DoF allocation in MIMO.

transmitted. Then, for interference cancellation, this node must ensure that its transmission

does not interfere with those receiving nodes that are before this node in the ordered list. To

cancel its interference to these receiving nodes, this nodeneeds to allocate a number of DoFs

that is equal to the received data streams by those nodes. This transmitting node does not

need to allocate any of its DoFs to null potential interference to those receiving nodes that

are after itself in the ordered node list.

• Receiving Node Behavior. First, the receiving node needs to allocate DoFs for data re-

ception. The number of DoFs to be allocated equals to the number of data streams to be

received. Then, for interference cancellation, this node must ensure that its reception is not

interfered by those transmitting nodes that are ordered before this node in the list. To cancel

the interference from these transmitting nodes, this node needs to allocate a number of DoFs

that is equal to the transmitted data streams by those nodes.This node does not need to

allocate any of its DoFs to null potential interference fromthose transmitting nodes that are

after itself in the ordered node list.

An example is given in Fig. 3.1, where there are four nodes, each equipped with four antennas.

All nodes operate on the same band and there are two mutually interfering links in the network:

1 → 2 and3 → 4. Suppose the ordered node list is1, 2, 3, and4. Further, node1 is transmitting to

node2 with 1 data stream. Now we show how the DoFs at each node are allocated for interference

cancellation and spatial multiplexing.
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Figure 3.2: A 6-node 3-link example illustrating the importance of node ordering in DoF allocation.

• Starting with node1, it is the first node in the list and it is a transmitting node. Then it

allocates1 DoF for its transmission with1 data stream. It does not need to allocate any DoF

to cancel potential interference to other receiving nodes that are after itself in the ordered

node list, i.e., node4.

• The next node in the list is node2. As a receiving node, it allocates1 DoF for receiving1 data

stream from node1. It does not need to consider allocating any DoF to mitigate interference

from other transmitting nodes that are after itself in the ordered node list, i.e., node3.

• The next node in the list is node3. As a transmitting node, it needs to ensure that its trans-

mission does not interfere with any receiving node before itself in the list, i.e., node2. Thus,

node3 uses1 DoF (equals to the number of received data streams by node2) to cancel its

interference on node2. Now it has3 remaining DoFs, which can all be used to transmit data

streams (up to3) to node4.

• The last node in the list is node4. As a receiving node, node4 needs to allocate3 of its DoFs

for receiving3 data streams from node3. Node4 also needs to use its remaining1 DoF

(equals to the number of transmitted data streams by node1) to cancel interference from

node1. This completes the DoF allocation at each node.

Why Ordering Is Important The above example for DoF allocation in Fig. 3.1 is for a given
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node order of1, 2, 3, and4. Now we show that the ordering of nodes in DoF allocation is important,

in the sense that an ordering directly affects the final solution. This affirms that finding an optimal

ordering should be part of the problem formulation.

The importance of node ordering for DoF allocation is best explained with an example. Con-

sider a6-node3-link example in Fig. 3.2, where links1 → 2, 3 → 4 and5 → 6 all operate on

the same band. The interference relationship is indicated as dashed line, i.e., both nodes1 and5

interfere node4. There are four antennas at each node. The goal is to transmit2 data streams on

each of these3 links. We now show that different node ordering will lead to different result.

• Node Order: 1, 3, 5, 4, 2 and 6. Starting with node1, it is the first node in the list and

it is a transmitting node. Then it allocates2 DoFs to transmit2 data streams to node2. The

next node in the list is node3. As a transmitting node, it allocates2 DoFs to transmit2 data

streams to node4. The next node in the list is node5. As a transmitting node, it allocates2

DoFs to transmit2 data streams to node6. The next node in the list is node4. It needs to

cancel interference from transmitting nodes before itselfin the list, i.e., node1 and node5.

For each of these transmitting nodes, node4 needs to allocate2 DoFs. Now node4 has

already used up all4 of its DoFs. But for receiving2 data streams from node3, node4 needs

to allocate another2 DoFs. Thus, under this node ordering list, DoF allocation toachieve2

data streams on each link is not feasible.

• Node Order: 1, 2, 4, 3, 6 and 5. Now consider this node ordering for DoF allocation.

Starting with node1, it is the first node in the list and it is a transmitting node. Then it

allocates2 DoFs to transmit2 data streams to node2. The next node in the list is node2.

As a receiving node, node2 allocates2 DoFs for receiving2 data streams from node1. The

next node in the list is node4. As a receiving node, node4 needs to allocate2 of its DoFs

for receiving2 data streams from node3. Node4 also needs to use its remaining2 DoF to

cancel interference from node1, which is before itself in the node list. The next node in the

list is node3. As a transmitting node, node3 allocates2 DoFs to transmit2 data streams to

node4. The next node in the list is node6. As a receiving node, node6 needs to allocate2
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Figure 3.3: An example of CRNMIMO .

of its DoFs for receiving2 data streams from node5. The last node in the list is node5.

As a transmitting node, node5 needs to ensure that its transmission does not interfere with

any receiving node before itself in the list, i.e., node4. Thus node5 uses2 DoFs to cancel

its interference on node4. Now it has2 remaining DoFs, which it uses to transmit2 data

streams to node6. This completes the DoF allocation at each node. Now we have afeasible

DoF allocation under this node ordering list.

The above two examples show the importance of node ordering in DoF allocation. Conse-

quently, such node ordering must be part of the formulation in our optimization problem.

3.2.2 An Example of CRNMIMO

We now offer an example to illustrate how interference is jointly handle at channel level (via CR)

and within a channel (via MIMO). Figure 3.3 shows a 5-node CRNMIMO with each node equipped

with four antennas. The available bands at nodes1 to 5 are{a, c, f}, {a, b, c, d, e}, {b, c, d, e},

{b, d, e}, and{a, b, d}, respectively. There are two communication sessions in thenetwork, i.e.,

1 → 2 → 3 and4 → 5. The usable bands on links1 → 2, 2 → 3, and4 → 5 are{a, c}, {b, c, d, e},

and{b, d}, respectively.

Suppose our objective is to maximize the minimum rate for sessions1 → 2 → 3 and4 → 5.
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The mathematical formulation for such type of problems willbe presented in the next section. It

can be shown that by solving the optimization problem, 6 datastreams can be transported on each

of the two sessions. An optimal band usage on each link and DoFallocation at each node is the

following. On link 1 → 2, bandsa andc are used, where on banda, node1 allocates4 DoFs for

transmitting4 data streams to node2; and on bandc, node1 allocates2 DoFs for transmitting2

data streams to node2. Correspondingly, on banda, node2 allocates4 DoFs for receiving4 data

streams from node1; and on bandc, node2 allocates2 DoFs for receiving2 data streams from

node1. On link 2 → 3, bandsb ande are used, where on bandb, node2 allocates2 DoFs for

transmitting2 data streams to node3; and on bande, node2 allocates4 DoFs for transmitting4

data streams to node3. Correspondingly, at node3, on bandb, 2 DoFs are allocated for receiving2

data streams from node2; and on bande, node3 allocates4 DoFs for receiving4 data streams from

node2. On link 4 → 5, bandsb andd are used. Node4 first allocates2 DoFs for transmitting2

data streams to node5 on bandb. Since node3 is also active on bandb thus will be interfered, and

the ordered node list on bandb is 2, 3, 4, 5, node4 thus allocates the remaining2 DoFs on bandb

to cancel its interference to node3. On bandd, node4 allocates4 DoFs for transmitting4 data

streams to node5. Correspondingly, at node5, on bandb, 2 DoFs are allocated for receiving2 data

streams from node4; and on bandd, node5 allocates4 DoFs for receiving4 data streams from

node4.

It is important to realize that a node’s DoFs are available for allocation on each channel. The

use of DoF for interference cancellation and spatial multiplexing only has significance within the

same channel. Given that there are multiple bands at each node and that there are DoFs within

each band, the potential optimization space for capacity islarge. In fact, we shall show that the

optimal solution under CRNMIMO is greater than the number of antennas at each node (assuming

same number at each node) multiplies the solution under a CRN(without MIMO). For example,

it is easy to verify that for the later network (i.e., a CRN without MIMO), one of the two sessions

in Fig. 3.3 can only have a rate of1 data stream. Comparing to6 data streams under CRNMIMO ,

we have6 (> 4) folds increase in minimum session rate. This result will befurther discussed in

Section 3.3 and substantiated in numerical results (Section 3.4).
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3.3 Mathematical Modeling

3.3.1 Modeling of CRNMIMO

We consider a CRNMIMO consisting of a set ofN nodes. At each nodei ∈ N , there is a set ofBi

available frequency bands that can be used for communications. As discussed,Bi may represent the

set of bands that are unused by primary users and may be different at each node due to geographical

difference. Denote the set of commonly available bands between nodesi andj asBij = Bi

⋂

Bj .

Also, denoteAi as the number of antennas at nodei.

Suppose there are multiple sessions in this network. DenoteQ the set of all sessions in the

network. For a sessionq ∈ Q, denotes(q) the source node,d(q) the destination node, andf(q) the

flow rate (in b/s). Table 3.1 lists all notation used in this chapter.

To model the half-duplex nature of each node on a band, we use two binary variablesgb
i andhb

i

to indicate nodei’s transmission/reception status on bandb, i.e.,

gb
i =







1 if nodei is transmitting on bandb,

0 otherwise.
(i ∈ N , b ∈ Bi)

hb
i =







1 if nodei is receiving on bandb,

0 otherwise.
(i ∈ N , b ∈ Bi)

Then the half-duplex constraint (i.e., a node cannot transmit and receive at the same time on the

same band) can be represented as follows.

gb
i + hb

i ≤ 1 (i ∈ N , b ∈ Bi) . (3.1)

As we discussed in Section 3.2.1, on any given band, the totalnumber of data streams for trans-

mission or reception at a node is limited by its number of antennas. Denotel as a link in the

network andzb
l as the number of data streams over linkl on bandb. Then we have the following
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Table 3.1: Notation in Chapter 3

Symbol Definition

Ai The number of antennas at nodei ∈ N

AMIMO The number of antennas at each node (when each node has the same number of antennas)

Bi The set of available bands at nodei ∈ N

Bij The set of common available bands at nodesi, j ∈ N

c The capacity when one DoF is used for data transmission on a band over a link

d(q) Destination node of sessionq

f(q) The rate of sessionq

gb
i A binary indicator.gb

i is 1 if nodei is transmitting, or0 otherwise.

hb
i A binary indicator.hb

i is 1 if nodei is receiving, or0 otherwise.

Ib
i The set of nodes in the interference range of nodei on bandb

LOut
i,b The set of outgoing links on bandb at nodei

LIn
i,b The set of incoming links on bandb at nodei

LActive The set of links used for routing

N The set of all nodes in the network

Q The set of active sessions in the network

Rx(l) Receiving node of linkl

s(q) Source node of sessionq

Tx(l) Transmitting node of linkl

zb
l The number of data streams over linkl on bandb

θb
ji Binary indicator showing the relationship between nodesi andj in the ordered list on bandb

λb
ji The number of DoFs on bandb used by transmitting nodei to cancel its interference to nodej

µb
ji The number of DoFs on bandb used by receiving nodei to cancel the interference from nodej
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two constraints.

gb
i ≤

∑

l∈LOut
i,b

zb
l ≤ gb

i Ai (i ∈ N , b ∈ Bi) , (3.2)

hb
i ≤

∑

l∈LIn
i,b

zb
l ≤ hb

iAi (i ∈ N , b ∈ Bi) , (3.3)

whereLOut
i,b andLIn

i,b represent the sets of outgoing and incoming links at nodei on bandb, respec-

tively.

As discussed in Section 3.2.1, the DoF allocation (for transmission/reception and interference

cancellation) at each node is determined sequentially based on an ordered node list. This ordering

directly affects DoF allocation in the final solution and should be part of the optimization problem.

To model the ordering relationship among the nodes, we definethe following variable.

θb
ji =







1 Nodei is after nodej in the node list on bandb,

0 Nodei is before nodej in the node list on bandb.
(i, j ∈ N , j 6= i, b ∈ Bij)

Based on the definition ofθ-variable, we have

θb
ji + θb

ij = 1 (i, j ∈ N , b ∈ Bij) . (3.4)

Also, the transitivity property should hold for theθ-variables. That is, for any three nodesi, j andk

on bandb, if nodei is after nodej and nodej is after nodek (i.e.,θb
ji = 1 andθb

kj = 1), then nodei

is after nodek (i.e.,θb
ki = 1). This transitivity can be formulated by the following two inequalities.

θb
kj + θb

ji − 1 ≤ θb
ki ≤ θb

kj + θb
ji (i, j, k ∈ N , b ∈ Bi

⋂

Bj

⋂

Bk) .

The correctness of the above two inequalities can be easily verified by trying out all possible sums

of θb
kj andθb

ji and comparing with possible values ofθb
ki. Note that by (3.4), we haveθb

ki = 1− θb
ik,

then the above two inequalities can be rewritten in the following form.

1 ≤ θb
ik + θb

kj + θb
ji ≤ 2 (i, j, k ∈ N , b ∈ Bi

⋂

Bj

⋂

Bk) . (3.5)

Now we consider DoF allocation at a node, which includes DoFsallocated for transmis-

sion/reception and DoFs allocated for interference cancellation. For transmission and reception,
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the number of required DoFs are
∑

l∈LOut
i,b

zb
l for a transmitting nodei and

∑

m∈LIn
j,b

zb
m for a receiv-

ing nodej, respectively. For interference cancellation, as discussed in Section 3.2.1, a transmit-

ting node needs to allocate its DoFs to cancel its interference to all receiving nodes before itself

in the ordered node list. DenoteIb
i the set of nodes to which nodei can interfere on bandb.

Then the number of DoFs that nodei allocates for interference cancellation can be computed

as
∑

j∈Ib
i
(θb

ji ·
∑Tx(m)6=i

m∈LIn
j,b

zb
m), where the inner summation

∑Tx(m)6=i

m∈LIn
j,b

zb
m gives the number of data

streams for a given receiving nodej while the outer summation is taken only over those receiving

nodes that are before nodei in the ordered node list. Now considering both the DoFs at a node

allocated for transmission and interference cancellation, we have the following constraint.

∑

l∈LOut
i,b

zb
l +

∑

j∈Ib
i



θb
ji ·

Tx(m)6=i
∑

m∈LIn
j,b

zb
m



 ≤ Aig
b
i + (1 − gb

i )M (i ∈ N , b ∈ Bi) , (3.6)

whereM is a sufficiently large number to ensure the constraint holdswhen nodei is not a trans-

mitting node (e.g., we can setM =
∑

j∈Ib
i
Aj). Similarly, if nodei is a receiving node, we have

the following constraint for its DoF allocation.

∑

l∈LIn
i,b

zb
l +

∑

j∈Ib
i



θb
ji ·

Rx(m)6=i
∑

m∈LOut
j,b

zb
m



 ≤ Aih
b
i + (1 − hb

i)M (i ∈ N , b ∈ Bi) . (3.7)

For a given route for each session, we can identify the set of links on this route. DenoteLActive

the set of links that are used by all these routes in the network. Then we have the following capacity

constraint on linkl ∈ LActive.

l is traversed byq
∑

q∈Q

f(q) ≤ c ·
∑

b∈BTx(l),Rx(l)

zb
l (l ∈ LActive) , (3.8)

wheref(q) is the flow rate of sessionq ∈ Q andc is the capacity when one DoF is used for data

transmission on a band over linkl.

For the CRNMIMO under investigation, suppose we want to maximize the minimum capacity
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among the sessions, then the optimization problem (denotedas OPT) can be formulated as follows.

(OPT) max fmin

s.t. fmin ≤ f(q) (q ∈ Q)

Constraints(3.1)–(3.8)

fmin, f(q) ≥ 0 (q ∈ Q)

gb
i , h

b
i ∈ {0, 1} (i ∈ N , b ∈ Bi)

zb
l ≥ 0 (l ∈ LActive, b ∈ BTx(l),Rx(l))

θb
ji ∈ {0, 1} (i, j ∈ N , j 6= i, b ∈ Bij) .

In this formulation,fmin, f(q), gb
i , hb

i , zb
l , andθb

ji are optimization variables andAi, M andc are

given constants. Due to the nonlinear product term
∑

j∈Ib
i
(θb

ji ·
∑Tx(m)6=i

m∈LIn
j,b

zb
m) in (3.6),

∑

j∈Ib
i
(θb

ji ·
∑Rx(m)6=i

m∈LOut
j,b

zb
m) in (3.7), and integer variables, the problem is in the form ofMixed Integer Non-

Linear Programming (MINLP).

3.3.2 Mathematical Reformulation

A closer examination of our formulation in the last section shows that it can be made more compact

and simpler (e.g., removal of redundant constraints and nonlinear terms). In this section, we give

details in this direction.

Removing Redundancy. There are6 permutations for any set of three nodes{u, v, w}, where

{u, v, w} ⊂ N . Note that according to (3.5), we can write12 different constraints in6 groups for

any bandb ∈ Bu

⋂

Bv

⋂

Bw as follows. By lettingi = u, j = w, k = v in (3.5), we have

1 ≤ θb
uv + θb

vw + θb
wu ≤ 2 . (3.9)

By letting i = u, j = v, k = w in (3.5), we have

1 ≤ θb
uw + θb

wv + θb
vu ≤ 2 . (3.10)
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Follow the same token, we list the other4 groups as follows.

1 ≤ θb
vw + θb

wu + θb
uv ≤ 2 , (3.11)

1 ≤ θb
wv + θb

vu + θb
uw ≤ 2 , (3.12)

1 ≤ θb
vu + θb

uw + θb
wv ≤ 2 , (3.13)

1 ≤ θb
wu + θb

uv + θb
vw ≤ 2 . (3.14)

A closer look at these6 groups of constraints shows that (3.9), (3.11), (3.14) are the same; (3.10),

(3.12), (3.13) are the same. That is, we only need (3.9) and (3.10) for any set of three nodes

{u, v, w}. Further, it is easy to verify that (3.9) is equal to (3.10) sinceθb
uv = 1−θb

vu, θb
vw = 1−θb

wv,

andθb
wu = 1 − θb

uw by (3.4).

To conclude, for any set of three nodes{i, j, k}, the following constraints are sufficient to

describe the transitivity property.

1 ≤ θb
ik + θb

kj + θb
ji ≤ 2 ({i, j, k} ⊂ N , b ∈ Bi

⋂

Bj

⋂

Bk) . (3.15)

It is not hard to see that the number of constraints in (3.15) is only 1
6

of that in (3.5). Thus by using

(3.15) instead of (3.5), we can significantly reduce redundancy in our problem formulation.

Linearization. Note that the constraints in (3.6) and (3.7) have nonlinear terms (product of

variables), which bring in extra complexity in problem formulation. We now show how these

nonlinear terms can be removed via linearization. For the nonlinear term in (3.6), we define a new

variableλb
ji as follows.

λb
ji = θb

ji ·

Tx(m)6=i
∑

m∈LIn
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i ) , (3.16)

which is the number of DoFs that transmitting nodei uses to cancel the interference to receiving

nodej. With λb
ji, (3.6) can be rewritten as:

∑

l∈LOut
i,b

zb
l +

∑

j∈Ib
i

λb
ji ≤ Aig

b
i + (1 − gb

i )M (i ∈ N , b ∈ Bi) . (3.17)
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Now, we need to add some constraints forλb
ji. This can be done by examining the definition ofλb

ji

in (3.16). For binary variableθb
ji, we have the following relaxed constraints:θb

ji ≥ 0, 1 − θb
ji ≥ 0.

For
∑Tx(m)6=i

m∈LIn
j,b

zb
m, we have:

∑Tx(m)6=i

m∈LIn
j,b

zb
m ≥ 0, Aj −

∑Tx(m)6=i

m∈LIn
j,b

zb
m ≥ 0. Multiplying each constraint

involving θb
ji by one of the two constraints involving

∑Tx(m)6=i

m∈LIn
j,b

zb
m, and replacing the product term

θb
ji ·

∑Tx(m)6=i

m∈LIn
j,b

zb
m with the new variableλb

ji, we obtain the following four constraints.

λb
ji ≥ 0 (i ∈ N , b ∈ Bi, j ∈ Ib

i ) , (3.18)

λb
ji ≤

Tx(m)6=i
∑

m∈LIn
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i ) , (3.19)

λb
ji ≤ Aj · θ

b
ji (i ∈ N , b ∈ Bi, j ∈ Ib

i ) , (3.20)

λb
ji ≥ Aj · θ

b
ji − Aj +

Tx(m)6=i
∑

m∈LIn
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i ) . (3.21)

Note that due to the relaxation of integer variableθb
ji,

∑Tx(m)6=i

m∈LIn
j,b

zb
m, and product operations, the

above four constraints forλb
ji might be looser than (3.16). However, for the special case whenθb

ji

is a binary variable, it can be easily verified that (3.16) is equivalent to the four constraints in

(3.18)–(3.21). Therefore, it is sufficient to have linear constraints (3.17)–(3.21) to replace (3.6).

Similarly, to remove the nonlinear term in (3.7), we defineµb
ji as the number of DoFs that

receiving nodei uses to cancel the interference from transmitting nodej. Following the same

token, (3.7) can be replaced by the following linear constraints.

∑

l∈LIn
i,b

zb
l +

∑

j∈Ib
i

µb
ji ≤ Aih

b
i + (1 − hb

i)M (i ∈ N , b ∈ Bi) ,

µb
ji ≥ 0 (i ∈ N , b ∈ Bi, j ∈ Ib

i ) ,

µb
ji ≤

Rx(m)6=i
∑

m∈LOut
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i ) ,

µb
ji ≤ Aj · θ

b
ji (i ∈ N , b ∈ Bi, j ∈ Ib

i ) ,

µb
ji ≥ Aj · θ

b
ji − Aj +

Rx(m)6=i
∑

m∈LOut
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i ) .

Summary. With the above redundancy removal and linearization, we have a revised optimization



56

problem formulation (denoted as OPT-R).

(OPT-R) max fmin

s.t. gb
i + hb

i ≤ 1 (i ∈ N , b ∈ Bi)

gb
i ≤

∑

l∈LOut
i,b

zb
l ≤ gb

iAi (i ∈ N , b ∈ Bi)

hb
i ≤

∑

l∈LIn
i,b

zb
l ≤ hb

iAi (i ∈ N , b ∈ Bi)

θb
ji + θb

ij = 1 (i, j ∈ N , b ∈ Bij)

1 ≤ θb
ik + θb

kj + θb
ji ≤ 2

({i, j, k} ⊂ N , b ∈ Bi

⋂

Bj

⋂

Bk)
∑

l∈LOut
i,b

zb
l +

∑

j∈Ib
i
λb

ji ≤ Aig
b
i + (1 − gb

i )M (i ∈ N , b ∈ Bi)

λb
ji ≤

∑Tx(m)6=i

m∈LIn
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i )

λb
ji ≤ Aj · θb

ji (i ∈ N , b ∈ Bi, j ∈ Ib
i )

λb
ji ≥ Aj · θb

ji − Aj +
∑Tx(m)6=i

m∈LIn
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i )

∑

l∈LIn
i,b

zb
l +

∑

j∈Ib
i
µb

ji ≤ Aih
b
i + (1 − hb

i)M (i ∈ N , b ∈ Bi)

µb
ji ≤

∑Rx(m)6=i

m∈LOut
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i )

µb
ji ≤ Aj · θb

ji (i ∈ N , b ∈ Bi, j ∈ Ib
i )

µb
ji ≥ Aj · θb

ji − Aj +
∑Rx(m)6=i

m∈LOut
j,b

zb
m (i ∈ N , b ∈ Bi, j ∈ Ib

i )

fmin ≤ f(q) (q ∈ Q)
∑ l is traversed byq

q∈Q f(q) ≤ c ·
∑

b∈BTx(l),Rx(l)
zb

l (l ∈ LActive)

fmin, f(q) ≥ 0 (q ∈ Q)

gb
i , h

b
i ∈ {0, 1} (i ∈ N , b ∈ Bi)

zb
l ≥ 0 (l ∈ LActive, b ∈ BTx(l),Rx(l))

θb
ji ∈ {0, 1} (i, j ∈ N , j 6= i, b ∈ Bij)

λb
ji, µ

b
ji ≥ 0 (i, j ∈ N , j 6= i, b ∈ Bij) .

In this formulation,fmin, f(q), gb
i , hb

i , zb
l , θb

ji, λ
b
ji, andµb

ji are optimization variables andAi, M

andc are given constants. The problem is now in the form of Mixed Integer Linear Programming

(MILP), which can be solved by CPLEX solver.
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3.3.3 Anticipated Results

Before we present numerical results, we offer the followingdiscussion on the possible solution

to our problem. Consider a CRN with only a single transmit/receive antenna at each node (i.e.,

Ai = 1, i ∈ N ). DenotefCRN the optimal objective value for this CRN with our problem formu-

lation. Now consider a CRNMIMO with the same topology as the above CRN, but now withAMIMO

transmit/receive antennas at each node. This CRNMIMO is a special case of our CRNMIMO network

with all Ai = AMIMO , i ∈ N . DenotefCRNMIMO the optimal objective value for this CRNMIMO under

our problem formulation. ComparingfCRNMIMO andfCRN, we have the following observation.

Fact 1.

fCRNMIMO ≥ AMIMO × fCRN (3.22)

The equality part in (3.22) can be easily explained by exploiting spatial multiplexing, i.e.,

constructing the same solution in CRNMIMO as that in the CRN but withAMIMO data streams on each

link.

However, we are more interested in the possibleinequalitypart in (3.22), i.e., with joint channel

level (via CR) and co-channel level (via MIMO DoF) optimization within a CRNMIMO , we should

anticipate more thanAMIMO -fold increase in the optimal solution. The greater the gap is in this

inequality, the more potential in the joint CR and MIMO that can be exploited. We shall look into

this potential gain via numerical results on various networks in the next section.

3.4 Simulation Results

In this section, we present some numerical results for various network configurations. The goals

of this section are two folds. First, we examine how the inter-channel interference and co-channel

interference are jointly handled by CR and MIMO DoF, respectively, in an optimal solution for

an example network in Section 3.4.2. Then, in Section 3.4.3,we validate the result in Fact 1,
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Table 3.2: Network settings

Number of Nodes Number of Sessions Network Region

20 4 100× 100

30 4 100× 100

40 6 100× 100

50 8 150× 150

particularly the inequality part, thus demonstrating the importance of two-level joint optimization

of CR and MIMO.

3.4.1 Simulation Settings

We consider randomly generated CRNMIMO ’s with |N | = 20, 30, 40 and50 nodes. For ease of

scalability and generality, we normalize all units for distance, bandwidth, and rate with appropriate

dimensions. The number of sessions and network region for each network configuration are shown

in Table 3.2. All nodes are randomly located within their network region. For each network

configuration, the source node and destination node for eachsession are randomly selected. There

are |B| = 15 frequency bands available in the network. The set of available bands at each node

is randomly selected from the15-band pool. The capacity achieved by one band and one DoF is

normalized to1. We assume that the transmission range is30 and the interference range is60.

3.4.2 Results for A 30-Node Network

Before we present complete results for all four network configurations, we select one network con-

figuration and explain the details of its optimal solution. This will offer us thorough understanding

when we present results for the other network configurations.

The particular network configuration that we will examine isthe 30-node CRNMIMO shown
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Figure 3.4: A30-node CRNMIMO .
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Table 3.3: Each node’s location and available frequency bands for the30-node CRNMIMO

Node Location Available Bands Node Location Available Bands

N1 (18.0, 42.7) 1,2,4,5,6,8,9,10,11,12,13,14 N16 (48.5, 32.7) 2,4,5,6,8,10,11,12,13,14,15

N2 (40.7, 51.0) 1,2,4,5,6,7,8,9,10,11,13,14,15 N17 (31.0, 96.8) 4,6,7,12,15

N3 (70.4, 64.9) 1,2,3,4,5,7,8,9,12,13,14,15 N18 (5.3 , 87.0) 6,7,15

N4 (66.4, 16.4) 2,7,10 N19 (63.0, 93.3) 1,3,4,7,12,14

N5 (16.4, 7.8 ) 5,6,9,10,12,13,14 N20 (30.9, 48.6) 1,2,4,6,8,9,10,11,12,13,14

N6 (93.5, 8.3 ) 11,15 N21 (42.7, 78.4) 1,3,4,7,12,14

N7 (73.1, 47.8) 1,2,3,4,5,7,8,9,13,15 N22 (14.2, 30.2) 1,2,5,6,8,9,10,11,12,13,14

N8 (40.6, 91.4) 4,6,7,12,14 N23 (99.0, 69.6) 1,2,3,4,7,9,12,13,15

N9 (12.3, 65.8) 1,2,7,14 N24 (99.6, 93.9) 3,9,12

N10 (50.9, 59.5) 1,2,3,4,5,6,7,8,11,14,15 N25 (87.2, 57.6) 1,2,4,5,7,8,9,12,13,15

N11 (72.6, 81.9) 1,2,3,4,5,7,8,9,12,13,14,15 N26 (37.4, 31.4) 1,2,4,5,6,8,9,10,11,12,13,14,15

N12 (88.1, 34.1) 2,5,7,9,11,15 N27 (86.6, 85.4) 1,2,3,4,7,9,12,13

N13 (45.2, 2.7 ) 10,12,13,14 N28 (65.5, 24.1) 2,5,7,10,11,15

N14 (37.6, 60.3) 1,2,4,5,6,7,8,10,11,13,14,15 N29 (3.3 , 7.8 ) 5,6,9,13

N15 (21.5, 63.8) 1,2,4,7,8,10,14 N30 (28.9, 10.9) 5,6,8,9,10,11,12,13,14

Table 3.4: Source and destination nodes of each session in the30-node CRNMIMO

Sessionq Source Nodes(q) Destination Noded(q)

1 N30 N15

2 N6 N22

3 N11 N12

4 N3 N8
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in Fig. 3.4(a). The location and available bands for each node are listed in Table 3.3. Table 3.4

specifies the source and destination nodes for each session.For MIMO, we assume each node

in the network is equipped with four antennas. We assume minimum-hop routing is used in the

network.

Using CPLEX, we can obtain an optimal solution to the OPT-R problem. The optimal objective

value for this30-node CRNMIMO is 6, which means each session can send at least6 data streams

from its source to its destination.

In addition to the optimal objective value, we show channel level and co-channel level solution

to achieve this objective. Figure 3.4(b) shows the optimal band assignment on each link for each

session. The bands assigned on each link are shown in shaded boxes. This result is also shown

in Table 3.5 (first3 columns). Also shown in column4 of Table 3.5 is the capacity on each band

under the optimal solution. In column5, we show the capacity (in terms of sum of capacity on

each band) over each link. Note that this capacity is at least6, thus guaranteeing each session can

transport at least6 data streams.

We now examine co-channel DoF allocation in the optimal solution. Recall that DoF allocation

is performed within the same band. Given that we have a total of 15 bands in the network, we

shall have DoF allocation within each of the15 bands. Let’s first show DoF allocation in one

particular band, say band1. Note that band1 is used by links N2→ N15, N3→ N19, N26→

N22 in Fig. 3.4(b). The DoF allocation on these6 nodes are given in Fig. 3.5 and Table 3.6.

As shown in Fig. 3.5, there are 2 data streams on each of these3 links on band1. The dashed

lines in Fig. 3.5 shows the interference relationship amongthe nodes, i.e., node N2 interferes N19

and N22, node N3 interferes N15, and node N26 interferes N15.These transmission links and

interference relationships are also listed in Table 3.6 (row 1), where “N2→ N15 (N19, N22)”

denotes N2 transmits to N15 and interferes N19 and N22, etc. Also shown in the first column of

Table 3.6 is the optimal order for the 6 nodes for DoF allocation in the optimal solution, i.e., N2,

N3, N15, N19, N26, N22. Based on this order, the DoFs at each node are allocated as follows (also

see Fig. 3.5).
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Table 3.5: Details of band assignment, capacity on each band, and capacity on each link in the

30-node CRNMIMO

Sessionq Link Assigned Band Capacity on Band Link Capacity

1

N30→ N16

8 1

612 1

14 4

N16→ N2

5 1

6
6 3

13 1

15 1

N2→ N15

1 2

62 1

4 3

2

N6→ N12
11 3

6
15 3

N12→ N28
2 3

6
5 3

N28→ N26

10 4

611 1

15 1

N26→ N22

1 2

7
6 1

8 1

13 3

3

N11→ N25

4 1

6
8 2

12 2

13 1

N25→ N12
7 2

6
9 4
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Table 3.5: Details of band assignment, capacity on each band, and capacity on each link in the

30-node CRNMIMO (continued)

Sessionq Link Assigned Band Capacity on Band Link Capacity

4

N3→ N19

1 2

73 4

12 1

N19→ N8
7 2

6
14 4
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Figure 3.5: The DoF allocation in the optimal solution on band 1 for the30-node CRNMIMO .
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Table 3.6: The DoFs allocation on band1 in the30-node CRNMIMO

Transmission and Interference N2→ N15 (N19, N22), N3→ N19 (N15), N26→ N22 (N15)

Ordered Node List
Interference Cancellation Spatial Multiplexing

(# of DoFs, To/From, Node) (# of DoFs, Transmit/Receive, Node)

N2 (2, Transmit, N15)

N3 (2, Transmit, N19)

N15 (2, From, N3) (2, Receive, N2)

N19 (2, From, N2) (2, Receive, N3)

N26 (2, To, N15) (2, Transmit, N22)

N22 (2, To, N2) (2, Receive, N26)
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Figure 3.6: Objective value under different antennas for the30-node CRNMIMO .
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Table 3.7: The DoFs allocation on band2–15 in the example30-node CRNMIMO

Band2

Transmission and Interference N2→ N15 (N28), N12→ N28

Ordered Node List Interference Cancellation Spatial Multiplexing

N15 (1, Receive, N2)

N28 (3, Receive, N12)

N2 (3, To, N28) (1, Transmit, N15)

N12 (3, Transmit, N28)

Band3

Transmission and Interference N3→ N19

Ordered Node List Interference Cancellation Spatial Multiplexing

N3 (4, Transmit, N19)

N19 (4, Receive, N3)

Band4

Transmission and Interference N2→ N15 (N25), N11→ N25 (N15)

Ordered Node List Interference Cancellation Spatial Multiplexing

N25 (1, Receive, N11)

N2 (1, To, N25) (3, Transmit, N15)

N11 (1, Transmit, N25)

N15 (1, From, N11) (3, Receive, N2)

Band5

Transmission and Interference N12→ N28 (N2), N16→ N2 (N28)

Ordered Node List Interference Cancellation Spatial Multiplexing

N16 (1, Transmit, N2)

N28 (1, From, N16) (3, Receive, N12)

N2 (1, Receive, N16)

N12 (1, To, N2) (3, Transmit, N28)

Band6

Transmission and Interference N16→ N2 (N22), N26→ N22 (N2)

Ordered Node List Interference Cancellation Spatial Multiplexing

N2 (3, Receive, N16)

N26 (3, To, N2) (1, Transmit, N22)

N16 (3, Transmit, N2)

N22 (3, From, N16) (1, Receive, N26)
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Table 3.7: The DoFs allocation on band2–15 in the example30-node CRNMIMO (continued)

Band7

Transmission and Interference N19→ N8, N25→ N12 (N8)

Ordered Node List Interference Cancellation Spatial Multiplexing

N8 (2, Receive, N19)

N12 (2, Receive, N25)

N19 (2, Transmit, N8)

N25 (2, To, N8) (2, Transmit, N12)

Band8

Transmission and InterferenceN11→ N25 (N16), N26→ N22 (N16, N25), N30→ N16 (N22)

Ordered Node List Interference Cancellation Spatial Multiplexing

N25 (2, Receive, N11)

N26 (2, To, N25) (1, Transmit, N22)

N30 (1, Transmit, N16)

N11 (2, Transmit, N25)

N22 (1, From, N30) (1, Receive, N26)

N16
(1, From, N26)

(1, Receive, N30)
(2, From, N11)

Band9

Transmission and Interference N25→ N12

Ordered Node List Interference Cancellation Spatial Multiplexing

N12 (4, Receive, N25)

N25 (4, Transmit, N12)

Band10

Transmission and Interference N28→ N26

Ordered Node List Interference Cancellation Spatial Multiplexing

N26 (4, Receive, N28)

N28 (4, Transmit, N26)

Band11

Transmission and Interference N6→ N12, N28→ N26 (N12)

Ordered Node List Interference Cancellation Spatial Multiplexing

N6 (3, Transmit, N12)

N12 (3, Receive, N6)

N28 (3, To, N12) (1, Transmit, N26)

N26 (1, Receive, N28)
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Table 3.7: The DoFs allocation on band2–15 in the example30-node CRNMIMO (continued)

Band12

Transmission and Interference N3 → N19 (N16, N25), N11→ N25 (N16, N19), N30→ N16

Ordered Node List Interference Cancellation Spatial Multiplexing

N30 (1, Transmit, N16)

N11 (2, Transmit, N25)

N16 (2, From, N11) (1, Receive, N30)

N25 (2, Receive, N11)

N3
(1, To, N16)

(1, Transmit, N19)
(2, To, N25)

N19 (2, From, N11) (1, Receive, N3)

Band13

Transmission and InterferenceN11→ N25 (N2), N16→ N2 (N22, N25), N26→ N22 (N2, N25)

Ordered Node List Interference Cancellation Spatial Multiplexing

N2 (1, Receive, N16)

N26 (1, To, N2) (3, Transmit, N22)

N25 (3, From, N26) (1, Receive, N11)

N16 (1, To, N25) (1, Transmit, N2)

N22 (1, From, N16) (3, Receive, N26)

N11 (1, To, N2) (1, Transmit, N25)

Band14

Transmission and Interference N19→ N8, N30→ N16

Ordered Node List Interference Cancellation Spatial Multiplexing

N30 (4, Transmit, N16)

N8 (4, Receive, N19)

N16 (4, Receive, N30)

N19 (4, Transmit, N8)

Band15

Transmission and Interference N6→ N12, N16→ N2 (N12, N26), N28→ N26 (N2, N12)

Ordered Node List Interference Cancellation Spatial Multiplexing

N2 (1, Receive, N16)

N6 (3, Transmit, N12)

N28 (1, To, N2) (1, Transmit, N26)

N12 (1, From, N28) (3, Receive, N6)

N16 (3, To, N12) (1, Transmit, N2)

N26 (1, From, N16) (1, Receive, N28)
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• Starting with node N2, it is the first node in the ordered node list and it is a transmitting node.

Then it allocates2 DoFs to transmit2 data streams to node N15. It does not need to allocate

any DoF to cancel potential interference to other receivingnodes after itself in the node list,

i.e., node N19 and N22.

• The next node in the list is N3. As a transmitting node, it allocates2 DoFs for transmit-

ting 2 data streams to node N19. It does not need to allocate any DoF to cancel potential

interference to receiving node N15, which is after itself inthe ordered node list.

• The next node in the list is N15. As a receiving node, it needs to allocate2 DoFs for re-

ceiving 2 data streams from node N2. In addition, it must ensure that its reception is not

interfered by any transmitting node before itself in the list, i.e., N3. Thus it allocates the

remaining2 DoFs to cancel the interference from node N3.

• The next node in the list is N19. As a receiving node, it allocates2 DoFs for receiving2 data

streams from node N3. In addition, it allocates the remaining 2 DoFs to cancel interference

from transmitting node N2 which is before itself in the list.

• The next node in the list is N26. As a transmitting node, it needs to ensure that its trans-

mission does not interfere with any receiving node before itself in the list, i.e., N15. For

this purpose, it allocates2 DoFs to cancel its interference to node N15. Then it allocates the

remaining2 DoFs to transmit2 data streams to node N22.

• The last node in the list is N22. As a receiving node, it allocates2 DoFs to receiving2 data

streams from node N22. In addition, it must ensure that its reception is not interfered by any

transmitting node before itself in the list, i.e., N2. Thus,it allocates the remaining2 DoFs to

cancel the interference from node N2.

This completes the DoF allocation for each node in the list onband1. The DoF allocation for

the 6 nodes is also listed in Table 3.6, where we employ the following two abbreviated notations.
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Figure 3.7: Comparison offCRNMIMO vsAMIMO × fCRN for a20-node network.
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Table 3.8: Each node’s location and available frequency bands for a20-node CRNMIMO

Node Location Available Bands Node Location Available Bands

N1 (21.5, 23.6) 6,7,8,11,12,13,14,15 N11 (48.4, 58.6) 1,3,5,7,8,11,13,15

N2 (6.8, 79.0) 3,8,14 N12 (36.7, 16.1) 6,7,8,9,11,12,13,14

N3 (21.5, 55.1) 1,3,5,7,8,12,13,14,15 N13 (67.2, 8.0 ) 6,9,11,12,15

N4 (73.0, 64.5) 1,3,5,7,8 N14 (46.0, 72.7) 1,2,3,4,5,8,10,11,13,14,15

N5 (79.7, 98.5) 1,2,3,4,8,9,10 N15 (58.2, 92.4) 1,2,3,4,5,8,10,11,15

N6 (50.5, 24.5) 6,7,8,9,11,12,13,15 N16 (89.8, 59.2) 1,5,7,8,10,12

N7 (21.7, 94.2) 2,3,11,14 N17 (69.1, 33.0) 6,7,8,9,12,15

N8 (3.2, 43.0) 3,7,8,13,14,15 N18 (95.8, 26.7) 4,10,15

N9 (34.8, 86.7) 2,3,4,5,10,11,14,15 N19 (37.3, 40.3) 1,3,5,6,7,8,12,13,14,15

N10 (83.2, 34.3) 4,6,7,10,15 N20 (88.9, 84.2) 1,2,3,5,8,9,10,12

Table 3.9: Source and destination nodes of each session in a20-node CRNMIMO

Sessionq Source Nodes(q) Destination Noded(q)

1 N4 N8

2 N7 N5

3 N12 N2

4 N18 N20
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Table 3.10: Each node’s location and available frequency bands for a40-node CRNMIMO

Node Location Available Bands Node Location Available Bands

N1 (26.0, 60.4) 1,2,4,6,7,8,10,11,12,13,15 N21 (85.8, 9.2 ) 3,5,6,8,9,14,15

N2 (57.1, 33.6) 2,3,5,7,8,13 N22 (76.3, 13.1) 2,3,5,6,8,9,14,15

N3 (69.5, 21.2) 2,3,5,6,8,9,13,14 N23 (33.4, 15.7) 10,11,13,14

N4 (2.2 , 75.9) 2,4,8,13,15 N24 (63.6, 7.4 ) 3,5,6,8

N5 (84.6, 88.2) 1,3,5,9,10,11,12 N25 (44.1, 50.6) 1,2,7,8,10,11,12,13,15

N6 (54.1, 2.7 ) 3,9 N26 (51.8, 27.2) 2,3,8,10,13

N7 (72.9, 98.5) 1,2,3,5,9,10,11 N27 (73.0, 64.7) 3,7,12,13,15

N8 (58.3, 16.3) 2,3,5,6,8,13 N28 (75.9, 72.6) 1,3,5,7,10,11,12,15

N9 (43.6, 27.5) 2,3,10,13 N29 (40.7, 38.2) 1,2,7,10,11,12,13

N10 (56.0, 87.6) 1,2,3,6,8,9,10,12,15 N30 (25.1, 88.9) 1,2,4,6,7,8,10,12,13,15

N11 (85.3, 30.1) 2,5,6,7,8,9,11,13,14,15 N31 (19.8, 7.2 ) 10,14

N12 (23.7, 32.4) 4,10,11,13,14 N32 (8.5 , 37.1) 4,10,11,13,14

N13 (77.6, 47.9) 2,5,7,8,9,11,12,13 N33 (7.5 , 64.2) 1,2,4,7,8,11,13

N14 (16.6, 30.1) 4,10,11,13,14 N34 (61.5, 52.4) 2,3,7,12,13,15

N15 (19.7, 23.9) 10,11,14 N35 (60.1, 80.7) 1,2,3,6,7,8,9,10,12,15

N16 (1.4 , 95.5) 4,15 N36 (44.8, 69.1) 1,2,3,4,6,7,8,10,12,13,15

N17 (8.2 , 9.5 ) 10,14 N37 (9.0 , 80.7) 1,2,4,7,8,13,15

N18 (19.5, 77.7) 1,2,4,6,7,8,12,13,15 N38 (90.9, 69.1) 3,5,7,11,12

N19 (49.6, 90.1) 2,3,6,8,9,10,12,15 N39 (86.1, 53.4) 7,9,11,12,13

N20 (28.6, 41.5) 1,4,7,10,11,12,13,14 N40 (87.0, 41.3) 2,5,6,7,8,9,11,12,13,15
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Table 3.11: Source and destination nodes of each session in a40-node CRNMIMO

Sessionq Source Nodes(q) Destination Noded(q)

1 N3 N4

2 N29 N33

3 N38 N20

4 N5 N2

5 N7 N37

6 N28 N26

• We use the tuple (# of DoFs, From/To, Node) to denote the interference cancellation relation-

ship between nodes. For example, (2, From, N3) denotes current node (in the first column

of the same row) allocates2 DoFs to cancel the interference from N3, whereas (2, To, N15)

denotes current node allocates2 DoFs to cancel its interference to N15.

• We use the tuple (# of DoFs, Transmit/Receive, Node) to denote data transmission relation-

ship between the nodes. For example, (2, Transmit, N15) denotes the current node (in the

first column of the same row) allocates2 DoFs to transmit data streams to N15, whereas (2,

Receive, N2) denotes the current node uses2 DoFs to receive data streams from N2.

Given the above explanation of DoF allocation on band1, we now present DoF allocations on

bands2 to 15, which are listed in Table 3.7.

3.4.3 fCRNMIMO vs. AMIMO × fCRN

The results in the last section give details in an optimal solution for a 30-node CRNMIMO with

AMIMO = 4 antennas at each node. We now validate the result in (3.22) under different number of

antennas at each node. Figure 3.6 shows the optimal objective values under different number of

antennas for the same 30-node network discussed in the last section. Also shown in this figure is a
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Table 3.12: Each node’s location and available frequency bands for a50-node CRNMIMO

Node Location Available Bands Node Location Available Bands

N1 (80.5, 12.9) 1,9 N26 (21.9, 130.2) 4,8,10,14

N2 (3.5, 19.1) 11,15 N27 (128.6, 105.1) 2,4,5,6,7,8,14

N3 (100.7, 127.0) 2,5,6,8,12,13,14 N28 (5.7, 55.9) 10,11,12,15

N4 (128.8, 116.9) 2,4,5,6,7,8,12,14 N29 (141.9, 47.0) 1,2,3,7,10,13

N5 (83.5, 114.9) 2,3,5,8,11,12,13,14,15 N30 (78.3, 52.6) 1,3,4,5,6,13,15

N6 (29.1, 89.9) 3,4,9,10,11,12,14 N31 (43.0, 117.7) 3,4,8,9,10,11,12,13,14

N7 (89.9, 94.4) 2,3,4,5,6,11,13,14,15 N32 (137.6, 81.6) 2,4,5,6,7,10,13

N8 (25.3, 19.9) 11,15 N33 (109.4, 145.7) 2,5,6,8,12,13,14

N9 (49.4, 131.2) 3,4,5,8,9,10,11,12,13,14 N34 (78.6, 3.6) 1,9

N10 (32.0, 38.0) 1,11,15 N35 (126.2, 23.4 ) 1,3,9,10,13

N11 (85.2, 76.3) 1,2,3,4,5,6,11,13,15 N36 (103.8, 16.1) 1,3,9,13

N12 (65.9, 137.6) 5,8,12,13,14 N37 (35.7, 130.4) 3,4,8,9,10,13,14

N13 (148.6, 59.8) 2,3,4,7,10,13 N38 (23.8, 78.4) 3,4,9,10,11,12,15

N14 (41.1, 75.4) 3,4,5,9,10,11,12,15 N39 (31.8, 3.0) 11,15

N15 (142.9, 85.5) 2,4,5,6,7,10 N40 (98.2, 31.8) 1,3,4,6,9,13,15

N16 (109.1, 118.4) 2,4,5,6,7,8,12,13,14 N41 (73.5, 29.0) 1,3,9,11,13,15

N17 (31.8, 109.6) 3,4,8,9,10,11,12,14 N42 (83.6, 135.9) 2,5,8,12,13,14

N18 (40.8, 66.8) 3,4,5,9,10,11,12,15 N43 (50.7, 11.1) 1,11,15

N19 (63.5, 123.6) 3,4,5,8,9,10,11,12,13,14 N44 (48.3, 24.6) 1,11,15

N20 (124.0, 30.0) 1,3,4,9,10,13 N45 (110.5, 51.9) 1,3,4,6,9,13,15

N21 (61.2, 73.0) 3,4,5,6,9,10,11,12,13,15 N46 (22.0, 101.3) 3,4,8,9,10,11,12,14

N22 (102.5, 82.2) 1,2,3,4,5,6,13,14,15 N47 (29.0, 100.0) 3,4,8,9,10,11,12,14

N23 (24.7, 45.9) 10,11,12,15 N48 (62.6, 97.8) 3,4,5,9,10,11,12,13,14,15

N24 (44.6, 46.8) 1,3,5,10,11,12,15 N49 (46.4, 57.6) 1,3,5,10,11,12,15

N25 (147.1, 127.4) 2,4,5,6,7,8 N50 (65.5, 104.6) 3,4,5,8,9,10,11,12,13,14,15
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Table 3.13: Source and destination nodes of each session in a50-node CRNMIMO

Sessionq Source Nodes(q) Destination Noded(q)

1 N35 N14

2 N8 N16

3 N34 N5

4 N39 N19

5 N31 N28

6 N36 N15

7 N49 N7

8 N26 N48

dashed line with a slope offCRN. Note that the equality in (3.22) only coincides for the firstpoint,

i.e., single antenna at each node. When the number of antennas at each node is greater than1,

we have an inequality, i.e.,fCRNMIMO > AMIMO × fCRN. That is, with joint channel level (via CR)

and co-channel level (via MIMO DoF) optimization within a CRNMIMO network, we have more than

AMIMO -fold increase in the optimal solution. This confirms that joint optimization of CR at channel

level and MIMO at co-channel level for interference mitigation is necessary.

In Figs. 3.7, 3.8, and 3.9, we further comparefCRNMIMO vs. AMIMO × fCRN for 20-, 40-, 50-

node networks under varying number of antennas, respectively. The location and available bands

at each node and source/destination node of each session aregiven in Tables 3.8 to 3.13 for the

three networks. Again, we confirm our findings that joint optimization of CR at channel level and

MIMO at co-channel level offers more capacity thanAMIMO -fold increase in capacity in a CRN.

3.5 Conclusion

In this chapter, we explored joint optimization of CR and MIMO in a multi-hop ad hoc network.

By exploiting CR’s behavior at channel level and MIMO’s capability within a channel, we showed
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that we can have much bigger design space to mitigate interference in the network. We developed a

tractable mathematical model for a CRNMIMO that captures the essence of channel assignment (for

CR) and DoF allocation (for MIMO). Based on this mathematical model, we used numerical results

to show how channel assignment in CRN and DoF allocation in MIMO can be jointly optimized to

maximize capacity. More important, for a CRNMIMO with AMIMO antennas at each node, we showed

that the joint optimization of CR and MIMO offers more thanAMIMO -fold capacity increase than a

CRN with only a single antenna at each node.



Chapter 4

Summary and Future Work

4.1 Summary of Contributions

In recent years, CR has quickly been accepted as the enablingradio technology for next-generation

wireless communications. With unique characteristics associated with CR, new models and theo-

retical results, along with new mathematical techniques, need to be developed. In this thesis, we

studied the important problem associated with CR ad hoc networks. The main contributions of this

thesis are the following.

1. We studied the multicast communications in CRNs. We showed how to minimize the re-

quired network resource to support a set of multicast sessions, each associated with a given

flow rate. Following a cross-layer approach, with joint consideration of frequency band

scheduling and multicast routing, we formulated the resource optimization problem into a

mixed integer linear program (MILP). Then we developed a polynomial time algorithm that

incorporates several novel ideas such as identification of key integer variables, fixing these

variables via a series of relaxed linear programming, and tying up such integer fixing with

a bottom-up tree construction. Based on simulation results, we showed that the solutions

obtained by our proposed algorithm are highly competitive.

78
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2. We studied the capacity problem of joint optimization of MIMO and CRN. We showed that

we can have much bigger design space to mitigate interference in the network, by exploiting

CR’s behavior at channel level and MIMO’s capability withina channel. We developed a

tractable mathematical model for a CRNMIMO . The mathematical model captures the essence

of channel assignment and DoF allocation. This joint optimization problem was formulated

into a mathematical program with the goal of maximizing the minimum rate among user

sessions. Using the numerical results obtained by the mathematical model, we showed how

channel assignment in CRN and DoF allocation in MIMO can be jointly optimized to max-

imize capacity. More important, we showed that with joint optimization of CR and MIMO

(CRNMIMO ), the network capacity gains more thanAMIMO -fold increase comparing to the

CRN with only a single antenna at each node.

4.2 Future Research Directions

The following problems remain open and will be my future research.

• For the multicast problem under CRN, we presented an efficient algorithm which offers

highly competitive solution. Although we showed that our solution is near-optimal, it re-

mains a heuristic solution. In our future work, we will consider developing a provably opti-

mal solution.

• For the CRNMIMO , we showed that it is necessary to consider joint optimization of CR at

channel level and MIMO at co-channel level for interferencemitigation. In our future work,

we will offer a more formal (theoretical) study on this problem. We want to explore when

the capacity gain will be strictly greater thanAMIMO -fold increase. We will analyze the gap

between the two based on theoretical results.

• In this thesis, our study of CRN is based on the so-called “protocol model”. Another interfer-

ence model is the so-called “physical model”, which is considered to be a more accurate, but
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also more complex interference model. The interference relationship in physical model is

computed via signal to interference plus noise ratio (SINR)directly. This model introduces

non-linear term in the formulation and is more difficult to analyze. In our future work, we

will consider how to use this interference model for joint optimization of MIMO and CR.
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