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ABSTRACT

Since its inception, cognitive radio (CR) has quickly beecepted as the enabling radio tech-
nology for next-generation wireless communications. A C8mises unprecedented flexibility in
radio functionalities via programmability at the lowesyéa which was once done in hardware.
Due to its spectrum sensing, learning, and adaptation déjee) CR is able to address the heart
of the problem associated with spectrum scarcity (via dyoa&mectrum access (DSA)) and inter-
operability (via channel switching). It is envisioned ti&R will be employed as a general radio

platform upon which numerous wireless applications camipgemented.

For both theoretical and practical purposes, it is impdrannetwork researchers to model a
cognitive radio ad hoc network (CRN) and optimize its perfance. Such efforts are important
not only for theoretical understanding, but also in thatstesults can be used as benchmarks for
the design of distributed algorithms and protocols. Howeglee to some unique characteristics
associated with CRNs, existing analytical techniques natybe applied directly. As a result,
new theoretical results, along with new mathematical tegres, need to be developed. In this
thesis, we focus on modeling and optimization of CRNs. Irtipalar, we will study multicast

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

An important service that must be supported by CRNs is masgticAlthough there are a lot
of research on multicast in ad hoc networks, those resufisatebe applied to a CRN, because
of the complexity associated with a CR node (e.g., multighglable frequency bands, difference
in available bands from neighboring nodes). In additioningls-layer approach (e.g., multicast
routing) is overly simplistic when resource optimizatioe ( minimizing network resource) is the
main objective. For this purpose, a cross-layer approagsually necessary, which should include

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



formulation is usually highly complex and difficult. In thiesis, we aim to develop some novel
algorithms that provide near-optimal solutions. Our g@ata minimize the required network-
wide resource to support a set of multicast sessions, witbriio bit rate for each multicast
session. The unique characteristics associated with CHliatidguish this problem from existing
multicast research for ad hoc networks. In this work, we fdate this problem via a cross-layer
approach with joint consideration of scheduling and rautidlthough the problem formulation is
in the form of mixed integer linear program (MILP), we are cegsful in developing a polynomial
time algorithm that offers highly competitive solution. &main ideas of the algorithm include
identification of key integer variables, fixing these valésvia a series of relaxed linear program
(LP), and tying up such integer fixing with a bottom-up tre@stouction. By comparing with a
lower bound, we find that the proposed algorithm can providelation that is very close to the

optimum.

In parallel to the development of CR for DSA, multiple-inpatltiple-output (MIMO) has
widely been accepted and now implemented in commercialegsgroducts to increase capacity.
The goal of MIMO and how it operates are largely independent @athogonal to CR. Instead
of exploiting idle channels for wireless communicationslM® attempts to increase capacity
within the same channel via space-time processing. Assuthat CR and MIMO will ultimately
marry each other and offer the ultimate flexibility in DSA aspkctrum efficiency, we would like
to inquire the potential capacity gain in this marriage. Aartjgular, we are interested in how
such marriage will affect the capacity of a user communicasession in a multi-hop CRN. We
explore MIMO-empowered CR network, which we call CENP, to achieve ultimate flexibility
in DSA and spectrum efficiency. Given that CR and MIMO handterference at different levels
(across channels vs. within a channel), we are interestédwnjoint optimization of both will
maximize user capacity in a multi-hop network. To answes thiestion, we develop a tractable
mathematical model for CRWMO  which captures the essence of channel assignment (for CR)
and degree-of-freedom (DoF) allocation (for MIMO). Basettlis mathematical model, we use
numerical results to show how channel assignment in CRN afd dllocation in MIMO can be

jointly optimized to maximize capacity. More importanty o CRN"™© with Aywo antennas at



each node, we show that joint optimization of CR and MIMO ffe@ore tham,vo -fold capacity

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

| ntroduction

1.1 Background

Since its inception, CR has quickly been accepted as theliegatadio technology for next-
generation wireless communications [17,52]. Fundamenftatacteristics of CR are that trans-
mitted waveforms are defined by software and that receivegfoens are demodulated by soft-
ware. This is in contrast to traditional hardware-basebsath which processing is done entirely
in custom-made hardware circuitry. The unique charadiesisf CR promise unprecedented flex-
ibility in radio functionalities via programmability at ¢hlowest layer, which was once done in
hardware. CR is capable of sensing available spectrummitepand adapting, thus able to address
the heart of the problem associated with spectrum scangglydynamic spectrum access (DSA))
and interoperability (via channel switching). Already, @&t its predecessor, software defined
radio) has been implemented for not only cellular commuiooa [46], but also the military [20],
and public safety communications [38]. CR will also be emgpbbas a general radio platform

upon which numerous wireless applications can be impleadent



1.2 Characteristicsof CR

Based on it advanced physical layer design, CR is capablensirsy available spectrum, learning,
reconfiguring RF and switching to newly-selected frequdrayds. These capabilities distinguish
CR from other radio technologies. For a CRN, it is importantontrast it to a closely related
network — multi-channel multi-radio (MC-MR) network. Hirghe radio technology in CR is
software-based. A soft radio is capable of switching freqyebands on a per-packet basis. Fur-
ther, CR can use multiple bands at the same time. In conVE3tMR remains hardware-based
radio technology, i.e., each radio can only operate on desiclgannel at a time and there is no
switching of channel on a per-packet basis, and the numbeomdurrent channels that can be
used at a wireless node is limited by the number of radiofates. Therefore, a CR can use many
more concurrent frequency bands than MC-MR. Second, in CBaih node may have a different
set of available frequency bands (those bands not used Imapriusers). There may not exist a
set of “common bands” for all nodes. On the other hand, a MCH4Red wireless network typi-
cally assumes that there is a set of “common bands” avaifabkdl nodes in the network. These
important differences distinguish CR from MC-MR. They alsong 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, CRa@lzings in new technical challenges
in networking research. In our problems, we aim to optimizeémork level performance of a
multi-hop CRN. For such kind of problem, it is well understiothat network performance is
tightly coupled with lower layer behaviors. For example dtermine the amount of flow that
can be transported between two nodes, we need to computamk’sscapacity under a particular
scheduling. Then we can determine how to utilize this lingagaty by optimally assigning a flow
rate on this link. For scheduling, before we decide if a lihk@ld be active on certain frequency

bands, we should confirm that this link is indeed used in ujgyer routing. For those links that are



not used for routing, we should not consider them for scheguDue to these inter-dependencies

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

However, a cross-layer approach is usually highly compiekdifficult, not only theoretically
but also practically. Mathematically, the cross-layerigiegnlarges the design space. Also, such
cross-layer optimization usually involves several groofkinary variables and integer variables,
which make the problem extremely difficult. Moreover, thasiaints and the objective function
could introduce nonlinearity, which further increase tiféalilty of the problem. Due to the above
challenges, an analytically tractable solution with ptadegoerformance guarantee is difficult to

obtain. This suggests that new ideas in algorithm designesded.

1.4 ProblemsConsidered in ThisThesis

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

communications in a CRN. In this problem, there is a set ofticagdt communication sessions
need to be supported, each is associated with a certain ftewkar each multicast session, there
is a source node and several destination nodes. The data ilowestain rate requirement needs to
be transported to each destination node. We are interasteuin to support concurrent multicast

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

The second problem that we study in this thesis is a jointhaigation of MIMO and CRN.
Both CR and MIMO have the ability to exploit the spectrum éfircy. However, CR operates on
the channel/band level while MIMO operates within the samenoel/band. Ultimately, CR and
MIMO will be combined with each other and offer the ultimatexibility in DSA and spectrum
efficiency. We would like to inquire the potential capacigimgin this combination. In particular,
we are interested in how such marriage will affect the cdpafia user communication session
in a multi-hop CRN. We study how to maximize the network catyaoy assigning frequency
bands on links and allocate antennas at each node for eiiteeicdmmunication or interference

cancellation.



1.5 Summary of Contributions

The contributions of this thesis are summarized as follows.

1.5.1 Minimum-Resource M ulticast

In this work, we consider a multi-hop CRN and study how to miizie network-wide resource
requirement to support a set of multicast communicatiosieas, each with a certain flow rate
that must be transported. We follow a cross-layer approaith,joint formulation of frequency
band scheduling and multicast routing. Although the pnoblermulation is in the form of mixed
integer linear program, we successfully design a polynbimig algorithm that offers highly com-
petitive solution. The main ideas of the algorithm includentification of key integer variables,
fixing these variables via a series of relaxed linear progilaf), and tying up such integer fixing
with a bottom-up tree construction. By comparing with a loweund, 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 coaclghlevels, we raise the follow-
ing fundamental question: Will joint optimization of CR &thannel assignment) and MIMO (via
DoF allocation) offers more thadywo-fold capacity increase? The answer to this question is
important since it also answers the question that whetheobjoint optimization of both tech-
nologies is necessary, given that MIMO can already h&ygio-fold capacity increase via spatial
multiplexing. In this work, we investigate this fundamdmaestion. We develop a tractable math-
ematical model for multi-hop MIMO-empowered CR networkbeTmathematical model captures
the essence of channel assignment (for CR) and DoF allocditoMIMO). This joint optimiza-
tion problem is formulated into a mathematical program wh#hgoal of maximizing the minimum

rate among user sessions. We obtain numerical results lvitmtathematical model which show



how channel assignment in CRN and DoF allocation in MIMO candmntly optimized to max-
imize capacity. Moreover, we give an affirmative answer thatjoint optimization of CR and
MIMO can offer more tham o -fold capacity increase for a CRN with only a single antenna a

each node.

1.6 ThesisOutline

The remainder of this thesis is organized as follows. In @rad, we study the multicast commu-
nications in CRNs. We formulate the minimum resource mastidor CRNs problem via a cross-
layer approach by taking consideration of scheduling amtimg jointly. Then we are propose a
polynomial time algorithm that offers highly competitivelstion. In Chapter 3, we study the joint
optimization of MIMO and CRN. We develop a tractable mathteaamodel for CRN"™©  which
captures the essence of channel assignment (for CR) aneedefyfreedom (DoF) allocation (for
MIMO). Based on this mathematical model, we use numericllte to show how channel assign-
ment in CRN and DoF allocation in MIMO can be jointly optimize maximize capacity. Then
we show that joint optimization of CR and MIMO offers more théyuwo -fold capacity increase
than a CRN with only a single antenna at each node. In Chaptee 4ummarize our results in

this thesis and present our future research directions.



Chapter 2

M inimum-Resour ce M ulticast

Communications

2.1 Introduction

Recently, CR has been considered as the radio platform fdti-hap ad hoc networks (see,
e.g. [19,41]). An important service that must be supportedd hoc networks is multicast. Al-
though there is an abundance of research on multicast in@addtworks (see Section 2.2), those
results cannot be applied to a CR ad hoc network, due to theleaity associated with a CR node
(e.g., multiple available frequency bands, differencevailable bands from neighboring nodes).
In addition, a single-layer approach (e.g., multicastirauf37]) is overly simplistic when resource
optimization (i.e., minimizing network resource) is alsoabjective, in addition to multicast con-
nectivity. In this context, a cross-layer approach is uguacessary, which should include joint
consideration of multiple lower layers, in addition to netwlayer. However, such joint formula-

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

It is important to contrast a CR ad hoc network to a closelgtezl network — MC-MR network

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



radio can only operate on a single channel at a time and teame switching of channel on a
per-packet basis. Thus, the number of concurrent chanhaiscan be used at a wireless node
is limited by the number of radios. In contrast, the radidtedtogy in CR is software-based; a
soft radio is capable of switching frequency bands on a pekgt basis. As a result, the number
of concurrent frequency bands that can be used by CR is tipicaich larger than that can be
supported by MC-MR. Second, a common assumption for MC-MRasthere is a set of common
channels available for every node in the network. Such aggamis hardly true for a CR networks
(CRN), in which each node may have a different set of avaslédelquency bands (those bands not
used by primary users). An even more profound advance in €iitdogy is that future CR can
work on non-contiguous channels for transmission/reoepii hese important differences between
MC-MR and CR warrant that the algorithm design for a CR ad hetevark is substantially more
complex than that for a MC-MR network. In some sense, a MC-M&vork can be considered as
a special case of a CRN. Thus, algorithms designed for a CRaadétwork 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 stady how to minimize
network-wide resource requirement to support a set of sagticommunication sessions. In this
network, the available frequency bands at each node mayffieeetit and two neighboring nodes
can communicate with each other only if they share at leastommon band. For each multicast
session, there is a source node and a group of destinati@snBdrther, there is a flow bit rate that
must be transported from the source node to its group ofrdggin nodes. To minimize required
network resource (measured in network-wide bandwidthpiaat product (BFP)) to support these
multicast communication sessions, we find that it is necgdsafollow a cross-layer approach,
with joint formulation of frequency band scheduling and tiwalst routing. Through mathematical

modeling, we formulate the optimization problem as a mikgdger linear programming (MILP).

In this chapter, we give the development of a polynomiaktiatlgorithm to the cross-layer
optimization problem (MILP) that offers a highly compet#isolution. We observe that although
there are many integer variables in the problem formulatibbe binary scheduling variable (for

band assignment on each link) is the core variable and iesmé@tation will help determine other



integer variables. Based on this observation, we focus argftkese scheduling variables through
an iterative process via a relaxed linear program (LP) ofdhginal problem. Further, during
each iteration, we take an explicit topological consideratiuring the fixing of these scheduling
variables and follow a “bottom-up” approach (from leaf tot)dfor multicast tree construction. At
the end of the last iteration, all these integer variabldklvei fixed and the values for the other

variables can be obtained by solving a LP.

To measure the performance of our proposed solution, we amnifto a lower bound obtained
via an optimization solver (CPLEX). Note that the optimalusion (unknown) is between the
solution obtained by our algorithm and the lower bound by ERLSimulation results show that
the solution obtained by our algorithm is very close to thedobound, thus suggesting that the

solution by our algorithm is even closer to the optimum.

The remainder of this chapter is organized as follows. 8e@i2 reviews related work. In
Section 2.3, we study the characteristics associated withgast communications in a CR ad hoc
network, thus laying the ground for mathematical modelingsection 2.4, we present mathemat-
ical model for our problem. In Section 2.5, we present thetsmh to our optimization problem.
Section 2.6 presents simulation results and demonsttatesar-optimal performance. Section 2.7

concludes this chapter.

2.2 Related Work

In this section, we review related work on multicast in milbp ad hoc networks. We organize
this section as follows. First, we examine prior efforts omtmast for ad hoc networks with each
node equipped with single traditional radio. Then we revielted work on multicast for MC-MR
ad hoc networks. To the best of our best knowledge, therefer sw result for multicast problem

for a multi-hop CR ad hoc network.

There has been a large body of work on multicast for ad hocar&twith each node equipped
with a single hardware-based (traditional) radio, e.g6]8,11-13,18, 27,28, 34,48-51]. Among



these works, the focus in [6, 8,48-51], was on energy-effiaieulticast routing, while the focus
in [11-13, 18, 34], was on lifetime-optimal multicast, @thwith directional antennas or omni-

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

In the context of MC-MR network, multicast was studied in,[Z3. In [33], the authors studied
channel assignment for multicast problem in MC-MR wirelessh networks. Here, the authors
first assumed that there is a pre-built multicast tree (eigmulticast ad-hoc on-demand distance
vector (MAODV) protocol). Then they proposed a channelgssient algorithm which greedily
assigns a channel to each transmitting node so as to mintheaaterference among nodes in the
multicast tree. In [53], Zeng et al. studied a joint routingdachannel assignment problem for
MC-MR wireless mesh networks with the goal of maximizingoinghput. The authors proposed
a layer-by-layer decoupled heuristic algorithm called tirehannel multicast (MCM). The MCM
algorithm builds a multicast tree via two steps. First, ksis breadth-first-search (BFS)-based
algorithm to obtain level information for each node; theadhstructs a tree from the lowest level
and follows a greedy algorithm in selecting parent nodesceCthe multicast tree is obtained,
the channel assignment part commences, where authorssepweo 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 assatiaih the multicast problem in a CRN.
Such characteristics are not only important to help us wtded the underlying difficulties in
this problem, but also set the stage for our mathematicaletimayland problem formulation in
Section 2.4.

Before we describe each characteristic in detail, let ualirlwe general setting for an ad hoc
CRN under investigation. The network that we consider ia thapter is an ad hoc network with
each node equipped with a CR. There is a set of available érexyubands for communication

at each node, depending on its location. Such bands maydemt¢hose bands that are currently
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(a,b,e) (c,d)

Figure 2.1: Communication between two nodes cannot takeeptathe absence of a common

frequency band.

not in-use by primary users. Given the differences in ggagcal location, the set of available
frequency bands at one node may be different from those #h@noode in the network. This is

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

We organize this section as follows. From Section 2.3.13b2we discuss some unique and
interesting characteristics associated with the multjgasblem in a CRN. Section 2.3.6 concludes

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

2.3.1 Transmission and Interferencein a CRN

Under a traditional wireless network, nodes typically shtre same pool of frequency bands.
Whether two nodes can communicate with each other or notlysliomted by the transmission
range. But in a CRN, there is an additional constraint thastrbe considered. That is, we must
make sure that there is at least a common band that is awabablveen the two nodes. If no such
band is available, then the two nodes will not be able to comoatie with each other. Figure 2.1
illustrates this constraint with a two-node example. Heoeenl has a set of available bands
{a, b, e} while node2 has a set of available bandls d}. Since there is no common band between

the two sets, nodelsand2 cannot communicate with each other.

Under a traditional wireless network, whether a node casrfi@te another node or not is only
determined by the interference range. Again, such intenfe relationship is based on the as-
sumption that all nodes in the network operate on the sangeidrecy band. But for an ad hoc
CRN, the interference relationship is much more complatieie to the potential difference in

the set of available frequency bands at different nodes.nfexample, Fig. 2.2 shows three pairs
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Figure 2.2: Additional bands help mitigate interferenaeshie network and enlarge scheduling
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Figure 2.3: Achieving full duplex via different bands.

of nodes. Nodé transmits to nodé on bands while node3 transmits to nodé on bandb andc.
There is no interference on nodéfrom node3) due to nod&’s transmission is on different bands.

But node5 is not allowed to transmit to nodeon bands due to its interference on node

2.3.2 Full Duplex via Different Bands

Under a traditional wireless network, a node typically aanmmansmit and receive at the same
time, due to half-duplex (self-interference) constrainttbe same time. But for an ad hoc CRN,
full duplex is possible, if a node transmit and receivediffierentbands. An example is given
in Fig. 2.3, where the available bands at node8, and3 are{a}, {a, b}, and{b}, respectively.
Therefore, the common band between notl@sd 2 is banda and that between nod@sand 3

is bandb. In this case, node can transmit to nod& on bandb while receiving from nodé on
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(a) Node0 usest bands{a, b, ¢, d} to cover all5 neighbor- (b) Node0 uses2 bands{a, e} to cover all5 neigh-

ing nodes. boring nodes.

Figure 2.4: Design space for scheduling bands for one-hdpaast.

banda.

2.3.3 Multicast Band Scheduling

Under a traditional ad hoc wireless network, a transmisatannode can be heard by all its one-
hop neighboring nodes. This is true since all nodes are as$twoperate on the same band. As
discussed, this may not be true in an ad hoc CRN as the awitanlds on each node may be
different and two nodes can communicate with each otheribthgy share a common band. Due

to such diversity in available bands between a source nodésone-hop neighboring nodes, it
might be necessary to employ multiple bands to achieve opentulticast. As an example, in
Fig. 2.4, suppose we have a source noddgth available bandga, b, ¢, d, e}, with node(’s one-

hop neighboring nodes beinlg2, 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 doestn
exist one common band that nodlean use to multicast to all five neighboring nodes. So mtipl

bands must be used at nodléo achieve this purpose.

Figures 2.4(a) and (b) show two possible realizations f ¢hjective, where in Fig. 2.4(a),

node0 uses four bandéa, b, ¢, d} to cover all five nodes whereas in Fig. 2.4(b), nodeses only
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(a) Unicast capacity. (b) One-hop multicast capacity.

Figure 2.5: Computation of one-hop multicast capacity.

two bands{a, e} for the same purpose. Given such difference in band usage éxists a design
(or optimization) space to decide which set of bands to uke.problem is further complicated by
the fact that finding the minimum set of bands to cover onefi@ghboring node does not mean
that the total network-wide usage of frequency bands withii@mized, which is our optimization
objective (see Section 2.4.4). This is because a multicastwill consist of multiple hops and
there is inter-dependency in terms of band usage and irtede within the same tree and among

different trees.

2.3.4 One-Hop Multicast Capacity

A nice property associated with a wireless network is theatedwireless multicast advantage
(WMA) [51], which refers to the phenomenon that the transmois at a node will be heard by all
of its one-hop neighboring nodes. But the distances betweetransmitting node and its various
one-hop neighboring nodes may be different. Given suclemiffce in distances, the received
signal strength at each of the one-hop neighboring nodddwitifferent, leading to different
capacity. For multicast communication, it is necessaryaeehbranch of the tree carry the same
traffic flow rate. For a one-hop multicast, the capacity of thop is therefore limited by the node

that is farthest away from the transmitting node.

As an example, Fig. 2.5 shows that nddeses WMA to transmit to both nodésand3. The
distances from nodesand3 to nodel are different, with nod8 being farther away from node
The received signal power at noglés lower than that at nodeand the capacity (using Shannon’s

capacity formula) on link 3 is 50 while that on linkl — 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, winis 50.

2.3.5 LongHop or Short Hops

In our multicast problem, there is a flow rate requiremenbeissed with a multicast tree. To
support such flow rate at a hop, it might be necessary to deplotjple bands. On the other hand,
we could break up one hop into shorter hops to cover the sartieastigroup. Since our objective
function is to minimize the use of bands in the network, theich of one long hop or more short
hops will depend on which one will use fewer number of bandsother 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 touséferent bands at nodeé to
support certain flow rate to nodésand5. But if we break up this long hop into two shorter hops,
we might support the same flow rate from nad& nodest and5 with three bands. Here, we
assume the transmission power at nbdethe same under both Figs. 2.6(a) and 2.6(b). Therefore,
if £ > 3, then we should use the multi-hop approach in Fig. 2.6(b)tH@rother hand, it < 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 amge ssafurther complicated in
our multicast problem by the fact that the distance from as®unode to its multicast destination
nodes could be long (i.e., many decisions along the treejlatdhere 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 examfulstilating all the points in this section.
Figure 2.7(a) shows the network topology fotanode ad hoc network. All units (i.e., distance,
bandwidth, rate, power) are normalized appropriatelyhla betwork, nod® wishes to set up a
multicast tree to nodek 4, 6, 10, and11. The required flow rate on this multicast tre&s The
available frequency bands at each node is given in the figutie each band having a bandwidth
of 50. The signal fromi to node; is attenuated with a gain ef; = d;;", wheren is the path
loss index and is set td. The transmitting powel on all nodes ist - 107y, wheren is the
Ambient noise density. Under this transmitting power, tla@$mission range is set 30 and the

interference range is set §0.

Suppose the objective function is to minimize the total namdd bands required to set up the
multicast tree. Then Fig. 2.7(b) shows an optimal solutishich can be found via exhaustive
search or our own algorithm to be presented in Section 2.thisnoptimal solution, nodeé uses
bandb to transmit to node8 and7; node3 then uses band to forward this rate to destination
nodesl and4 while node7 uses bands ande to forward this rate to nodes 10 and11. The total

number of bands used in the optimal solutiod (s.e., band9, d, a, €).

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

1. Although destination nodéis within one-hop of source nodg node0 cannot transmit to
node4 directly because there is no common band between the tweshadadiscussed in

Section 2.3.1. Therefore, a multi-hop solution from n6de node4 is necessary.

2. Destination nodd uses band to receive the data from node At the same time, node
is using bands: ande for transmission. But such transmission on bandmde do not

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

3. For nodes and7 that both transmit and receive, full duplex is achieved hpgiglifferent

bands at these nodes (also see Section 2.3.2).
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Figure 2.7: A CRN example.
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4. In this optimal solution, nod@ uses bands ande to transport a flow rate d§2 to nodes
6, 10, and11. It turns out that bands ande is the minimum set of common bands among
nodes7, 6, 10, and11, which happens to be able to support a flow raté2f Should flow
rate requirement on the multicast group increases, thentittehange and the set of bands

in each one-hop multicast will also change (also see Se2t®3).

5. Recall in Section 2.3.4, the capacity of one-hop multieadimited by the node that is
farthest away from the transmitting node. As show in thisrogt solution, for the one-hop
multicast at nod&, nodel0 is the farthest node away froim We find the capacity from
node7 to nodel0 on one band (e.ga) is only 51.3. Therefore, a second band (i.e),is

necessary to support a multicast flow rat&nf

6. In this optimal solution, node uses bands ande to transport a flow rate df2 to nodess,
10, and11 in one-hop. It can be shown that nodemay use multiple hops to nod&g (via 8)
and11 (via9). But that turns out to be a sub-optimal solution. As disedsa Section 2.3.5,
there is no definitive rule of whether to use one long hop orenstiort hops. Given that we
will consider multiple multicast tree in this chapter (seet$n 2.4), the choice of using one

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

In this section, we explored a number of characteristicslifficulties) associated with multi-
cast communication in an ad hoc CRN. In the next section, wadbze our problem with mathe-
matical model. In particular, we study the general case &tiere are multiple multicast sessions

(or groups) in the network.

2.4 Mathematical Modeling

We consider a CRN consisting of a sedohodes. At each nodec V, there is a set dB; available
frequency bands that can be used for communications. Assiisd/3; may represent the set of

bands that are unused by primary users and may be differezaicht node due to geographical
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difference. Denote the set of commonly available bands &etwodes and;j asB;; = B; () B;.

DenoteL the set of multicast sessions in the network, with each agdtisession consisting of
a source node and multiple destination nodes. For a muieasiori € £, denotes(/) the source
node,D(l) the set of destination nodes, and) the rate requirement (in b/s). For each multicast
session, we consider a tree structure for multicast routifiwat is, all the nodes involved in the
multicast sessioh form a tree rooted at nod€!) and with all the node® (/) in the tree. Note
that a destination node does not have to be a leaf node oretiig@ttmay be an intermediate node
within the tree. Further, a source node and a destinatioa nbslessio may also serve as a relay

node for some other session.

We organize this section as follows. Section 2.4.1 presahtsduling and interference models.
Section 2.4.2 presents modeling for multicast flow routiSgction 2.4.3 shows how to compute
capacity for one-hop multicast. Section 2.4.4 elabordtesabjective of minimizing the total
bandwidth requirement and formulates the problem. Taldi&ts all the notation used in this

chapter.

24.1 Interference Modeling and Scheduling

Scheduling for transmission at each node in the network eatohe either in frequency domain or
time domain. In this chapter, we consider scheduling infeggy domain in the form of assigning
frequency bands (channels). Since time domain based fationlis similar to that for frequency
domain, it can be shown that our approach can be extendegh¢éodbmain based formulation as
well. We first define the following binary variable for frequey band scheduling,

1 if bandm is used on link — j for session,

uii (1) = _
0 otherwise,

wherel € L,i € V,m € B;;,j € T,™,j # s(I), andZ;™ is the set of nodes to which nodean
transmit on band:. As we have discussed in Section 2.3.1, this set includessiitht are within

the transmission range of nodand have the same available bandi.e., 7" = {j : j € V,0 <



19

Table 2.1: Notation in Chapter 2

Symbol | Definition
B; The set of available bands at a nade V
B The union of available bands among all the nodes in the né&gvde= J, ., B;
Bi; The set of available bands on liik— j, B;; = B; () B;
iy The unicast capacity fromto j on bandm
e The one-hop multicast capacity at naden bandm
D(l) The set of destination nodes of a sesdien
d;j Distance between nodeésind;j
ei;(1) Binary indicator to mark whether or not link— j is used for sessioh
m) | ) =) -
Gij Path attenuation loss from nodé node;j
" The set of nodes that can make interference at riaatebandm
L The set of multicast sessions in the network
n Path loss index
P The transmission power at a transmitter
Rr, Ry | The transmission and interference ranges
r(1) Multicast flow rate of sessioh
s(1) Source node of multicast sessibn
T The set of nodes that nodean transmit to and receiving from on bamd
7; The set of nodes that nodean communicate with on at least one of its bands,
Ti = Umes, 7™
ugb(l) Binary indicator to mark whether or not bandis assigned to link — j for session
1% The set of nodes in the network
%% Bandwidth of a frequency band

(1)
y; (1)

Binary indicator to mark whether or not bandis used for transmission at nodéor sessior
The depth of nodg in the multicast tree for session

Ambient Gaussian noise density




20

dij S RT,m S BJ}

Assuming the granularity of frequency bands can be madel malgh for scheduling, we
will assign an available band at each transmitting node tm@dt one multicast sessiéne L.
That is, ifu}}(l) = 1 thenu;(k) = 0 for another sessioh. This scheduling relationship can be

written more compactly as follows.

ug (k) <1—w(l) (ieV,meB;,jeT™leLl,qeT™ kel k#l). (2.1)

iq

As we have discussed in Section 2.3.1, when nodeeceiving from node on bandn, the set
of nodes that can make interference to ngd@ould keep silent on band. This setZ}" includes
nodes that are within the interference range of np@ad have the same available bandi.e.,
7" ={p:p€V,dy; < R;,m € B,}. Then the scheduling relationship discussed in Sectiol 2.3
meansu;; (1) = 1 will lead tou;; (k) = 0 for another linkp — ¢. This scheduling relationship can

be written more compactly as follows.

u;'z(k) <1 —wu(l), (2.2)

]

wherel € L,i € V,m € By, j € T, # s(l),k € L,p € I}",p # i,q € T)",q # s(k). Note
that the so-called “self-interference” constraint, i&.node cannot transmit and receive on the
same band, is embedded in the above constraint (by setting). Furthermore, by setting= j,

the constraint prohibits the same receiving node from damelously receiving from two differ-
ent nodes on the same band (collision), which is consistéhtour scheduling in the frequency

domain.

2.4.2 Multicast Routing
Multicast Tree Construction

For a multicast sessiohe L, its source node(/) must send its data with a rat¢/) to a set of
destination node® (/). Note that a destination node does not have to be a leaf nddm#r be an

internal node in the tree and helps out relaying traffic t@ptlestination nodes.
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We start our mathematical modeling with the following defom.

0 1 iflink 7 — j is an directed edge in the multicast tree for sessjon

€ii =

! 0 otherwise,

wherel € L£,i € V,j € T;,j # s(l), and7Z; denotes the nodes that nodean communicate with
on at least one of its bands, i.€;, = {J,,.5, Z.""- Note thatifi € D(I) (i.e., a destination node)

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

relay traffic to other destination nodes.

We first show the relationship betweep(/) anduj(l). If e;;(1) = 0, i.e., linki — j is not
used by the multicast tree for sessipthen no band should be assigned to link j for sessior,
i.e.,ui;(I) = 0 forallm € Bj;. If e;;(I) = 1, then there must be at least one band assigned to link
1 — j for sessiorl. Mathematically, the above relationships can be writtefobews.

ul(l) < ey() < Y wli(l) (1€LieV,jeT,j+s(l),meBy). (2.3)

)
pEB;;

For sessiori's multicast tree, the following constraints must be sadfi

e Foranode € V, ifitis the source node of sessién.e.,i = s(I), then it must have at least

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

d eyl) =1 (L€Li=s(l)). (2.4)

JET;

e Foranodeg €V, ifitis a destination node of sessidn.e.,; € D(l), then it must have one

incoming edge! That is,

D eyl)=1 (leL,jeD(). (2.5)

i€T

e For anodeg that is neither the source node of sesgianr one of its destination nodes, i.e.,

j # s(l) andj ¢ D(l), then it may (or may not) serve as a relay node in the tree. ifftare

INote that flow splitting at intermediate relay nodes is natsidered in this chapter.
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Figure 2.8: An example of potential cycle in multicast tre@struction.

case, we have,
Yoy <1 (eLjeV.j#s).j¢ D). (2.6)
i€T;
That is, if nodej is a relay node, then there is one edge entering ripdéherwise there is
no edge entering node Further, if there is an incoming edge to nggd¢hen it must have at
least one outgoing edge, i.e.,}@ie% e;i;j(l) =1, thenzqez’q#s(l) e;q(l) > 1. Otherwise, no
outgoing edge should come out of node.e., > .7 .., ¢jq(l) = 0. These two scenarios
can be mathematically formulated as follows.
Yol Y e < TI=1)-) ey (2.7)
ieT; q€T;,q#5(1) ieT;
wherel € L,j € V,j # s(l),7 ¢ D(l), and(|Z;| — 1) is an upper bound on the nodes that

can transmit to.

Cycle Prevention

It is important to realize that the constraints describeadhfalticast tree construction cannot ensure
the potential existence of cycle(s). As an example, in Fi8, 2ource node(l), attempts to send
data to two destinations nodég(/) andd,(l). But it is not hard to see that the incorrect solution
shown in the figure satisfies all constraints for multicaest wonstruction. The main reason for this
problem is because when a destination node (or a relay nedeives traffic and forwards to the
next hop, there is no mechanism for this node to ensure thdtdffic it receives is indeed from a

node that is one level higher on the multicast tree (i.e.;luo@closer to the source node).
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To address this problem, we define a new variagh(é) for each nodg to indicate its depth on

a multicast tree for sessidnSpecifically,y, (/) is defined as follows.

—1 nodej is not in the multicast tree for sessign
y;(1) =< 0 nodej is the source node of multicast tree for sesgion (I € L,j € V)

h  nodej has a depth ok in the multicast tree for session

For a nodgj, if it is the source node, then we have
yi()=0 (leL,j=s(). (2.8)

Otherwise, when it is not in the tree, i.gmj e;j(1) = 0, we havey;(l) = —1; when itis in the
tree, i.e.,zigj e;;(1) =1, we havel < y;(I) < |V|— 1. The above two cases can be put into the
following compact form.
2) ey Sy +1< VY eyll) (€L jeEVG#s(D) . (2.9)
i€T; i€7;

Now we consider the relative depth between two nodmsdj. For the case that nodes the
parent of nodeg, i.e.,e;;(1) = 1, theny;(l) — y;(I) = 1. For the case that nodés not the parent
of nodey, i.e.,e;;(1) = 0, then we have-|V| < y,(l) — y;(1) < |V| (due to the fact that botf; (/)
andy; (1) are within the interval—1, |V| — 1]). The above two cases can be stated mathematically

as follows.
yil) =yi(l) Z ei; () - (VI+ 1) = V| (leLljeV,j#s),ieT), (2.10)
yil) =) < V= (VI =1)-ey(l) (LeLjeV,j#s),ieT). (2.11)
We have the following lemma.

Lemma 1. The use ofj;(/) variables § € V, [ € £) guarantees cycle free in the multicast tree for

each sessioh

Proof. The proof is based on contradiction. Suppose that (2.8).tdl{2hold and that there is a

cycle for sessioh. Assume this cycle consists ofinksi; — 5,99 — 73, -+ ,i,_1 — i, andi, —
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i1, with z > 2. Then based on (2.10) and (2.11), we hayél) — y;, (1) = 1, yi, (1) — i, (1) = 1,
Y () =y, () =1, y;,(1) —yi.(I) = 1 (2 > 0). Summing up all these equations, the

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

contradiction to the assumption that the number of linkhm¢yclez > 2. This completes the

proof. O

2.4.3 One-Hop Multicast Capacity and Flow Rate Constraints

The formulation for multicast tree construction in the Isettion only address our problem from a
graph perspective. In this section, we impose constramtapacity and flow rate on the multicast

tree.

One-Hop Multicast Capacity. Now we consider a one-hop multicast where nottansmits to
some of its one-hop neighbors on bandsimultaneously by taking advantage of wireless multi-
cast advantage (WMA) [51]. Denoté& the capacity of this one-hop multicast. As discussed in
Section 2.3.4, this capacity is limited by the node that ithfsst away from nodée(see Fig. 2.5),

i.e., " is upper bounded by} = W log,(1 + g;;f) for each nodg that is receiving on band,
wherec;? is the unicast capacity}’ is the bandwidth of bandh, g;; is the path attenuation loss
from nodei to nodey, P is the transmission power, amds the ambient Gaussian noise density.

Then for each € V andm € B;,

<) ut+C-[L— ()] (forallj e T i€ L), (2.12)

]
where(' is a sufficiently large number and means tfatwill not be constrained it} (1) = 0.

In the case that nodés not using bandh (i.e.,u;;(l) = 0 forall j € 7,1 € L), thenc}® = 0.

This constraint can be written as

qr<CY N up(l) (ieVv,meB). (2.13)

leL jeTm

Flow Rate Constraints. Given our modeling for one-hop multicast capacity, we noawshow

they serve as constraints on traffic flows. On each link, wet musure that the flow rate on this



25

link does not exceed the link’s capacity. We have

r()ey(l) < Y ul(l)-c" (l€LieV,jeT). (2.14)

ij )
mEBij

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

sessiorl may use multiple bands on link— j, which is considered in (2.14).

To remove the nonlinear term on the right-hand-side of (2.% introduce a new vari-

able f77(I) and define it as

) = w1y - o (2.15)
Then (2.14) can be rewritten as
r()-e(l) < D [0 (I€LieV,jeT). (2.16)
meB;;

By replacinguy(l) - ¢i* with f7*(l), we need to add additional constraints §37(/) as follows.
For integer variable; (1), we have the following relaxed constraintg; (/) > 0, 1 — uj}(l) > 0.
For variablec]", we have:c]* > 0, C'— ¢* > 0. Multiplying each constraint involving;’ (I) by
one of the two constraints involving®, and replacing the product teraf;(l) - ¢i* with the new

variablef;* (1), we obtain the following four constraints

S>>0 (leL,ieV,jeT,meB;), (2.17)

G <" (leLyieV,jeT,meDB;), (2.18)

G <ui(l)-C (leLyieV,jeT,meDBy), (2.19)

S0 >ui(l)-C=C+e" (leL,ieV,jeT,meBy). (2.20)

Note that due to the relaxation of integer variablg(/) and the product operations, the above
four constraints forf;?'(I) are likely to be looser than that for (2.15). However, in thedal
case when?(l) is a binary variable, it can be easily verified that (2.15)qeiealent to the four
constraints in (2.17) to (2.20). Therefore, it is sufficiemthave five linear constraints (2.16) to
(2.20) to represent (2.14).
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2.4.4 Problem Formulation

Our objective is to minimize the required network-wide ne@®e to support a set of multicast
sessiong in the network. Resource can be measured in a number of ways, tte adopt a new
metric calledBandwidth Footprint Produc(BFP) to measure the spectral and spatial occupancy
of multi-band radio communication. BFP was first introdubgd_iu and Wang (under the name
of space-bandwidth producin [29] and has since successfully been used (see, e.g41D%t0
measure network-wide resource usage in a CR network. Ghatnate assume the transmission
power on each band at each nod@jghe footprint by each active band is thus identical. Tranesf

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

To calculate network-wide bandwidth usage, it is necessakpow which set of bands at each
node has been used for transmission. For this purpose, veglirte a binary variable!”, which

is defined as follows.

0 bandm is not used at nodéfor transmission,
x:n: (ZEV,mEBi)
1 bandm is used at nodéfor transmission.

Then the objective function is to minimi2e;,_,, > .5 ="W. Since we assume that is the

same for each band, we can drop it from the objective functien
min ) iy D en TP (2.21)

Now we give constraints on the new variabf in the objective function. At nodec V on

bandm € B;, if uj(I) = 1 forany;j € 7;” andl € L, thenz]* = 1, i.e.,
ur(l) <z* (forall j € 77" andl € L) . (2.22)

1% )

Otherwise, at nodé € V on bandm € B;, if uj}(l) = 0 forall j € 7)™ andl € £, thenz" = 0,

i.e.,

< uit(l) . (2.23)
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In summary, our optimization problem is to minimize netwavide BFP, i.e., (2.21), subject
to the constraints in (2.1)—(2.13), (2.16), (2.18) — (2,2@)22), and (2.23). In the formulation,
W, V[, 151, m, 915, ciy, C, P, andr(l) are constants, whilej* > 0, f7(l) > 0 are continuous
variables,y; () is an integer variable within intervgh-1, |V| — 1], andu? (1), e;;(1), andz}" are
binary variables. This is a mixed integer linear programl(RY), which is NP-hard in general [10].
Although an optimization solver (e.g., CPLEX) can obtairoligon for small-sized networks via
branch-and-cut procedure [31] (exponential complexityd,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@ptimization problem that offers very
competitive performance. The main mathematical approagbl@/ed by the solution is to fix a
set of integer variables iteratively via a relaxed LP of thgioal problem. During each iteration,
we take explicit topological consideration when fixing opes and follow a “bottom-up” approach
(from leaf to root) for tree construction. In the rest of théction, we give details of these two key

ideas in our solution.

2.5.1 Sequential Fixing of u-Variables

Main Idea. Forthe original MILP problem, we observe thatariables have special significance.
By definition, (1) is a binary indicator to mark whether or not bands assigned to link — j

for session/. In other words,u;}(l)'s are scheduling variables. We find that once the values
for i3 (l)'s are all determined, the values foy y andx variables can be determined by (2.3),
(2.8) — (2.11), and (2.22) — (2.23), respectively. Subsetiyehe original MILP problem can be
reduced to a LP, which can be solved in polynomial time. Thuskey step in solving the MILP

problem is the determination of these binaryariables.
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Relax the MILP to LP
v

> So|ve the LP |nfeaSIb|e .

Obtain a solution to
the original problem

ixed all u

Fix some u variables
with bottom-up
v

Determine other
variables if possible
v

Reformulate a new LP
with fixed variables

Figure 2.9: Flow chart of proposed solution.

In our proposed solution, we will consider a special subs¢h@w;} (/) variables at each it-
eration and fix some of them during the iteration. The choicsugh subset of.;()’s will be
explained in detail in Section 2.5.2. Here, we will first g&@éasic idea on how the algorithm

works.

At each iteration, we will solve a LP problem containing thag;(/)'s (that are yet to be
determined) being relaxed from their strict integer caiats, i.e., can take continuous values.
Depending on the value of thesg;(/)'s in the LP solution, we will consider a special subset
of 7%(l)'s and assigri to one (or more of them) permanently. Note that the fixing ohea
variables at each iteration will also lead to the fixing oéx@ntz, e, andy variables as well as other
closely related: variables through those constraints that relate them. Asténation continues,
more and more}(1)’s will be “fixed” to binary values (1 or 0) permanently and atgally all of
them will be fixed. At the end of the last iteration, all thesteger 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. 2.9foBethe first
iteration, we relax all the binary variables. That is, wexedll binary integer variables, = ande

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

After solving this LP, if it is infeasible, then the algonithstops, i.e., we do not have a feasible
solution to support the set af multicast sessions in the network. Otherwise, we have abieas
solution to the LP with each(} (/) having a value within the intervall, 1]. In the first iteration,
since none of the variables have been fixed yet, we will consider a specialetulifs; variables

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

Note that the fixing of some variable tol is likely to lead to additional fixing of, e, vy, as
well as other variables in the same iteration. To see this, let's supp(i$é) has just been fixed
to 1 in this iteration. Then it is not hard to see that we can furthemore variables’ values. That
is, by (2.22), we can fix;" to 1; by (2.1), we can fix correspondingj (k) to 0; by (2.2), we can
fix corresponding.,; (k) to 0 for all p andk , then we can further set" to 0 by (2.13); by (2.3),
we can also fix;; () to 1. Oncee;;(!) has been set to 1, then by (2.5) and (2.6), we can further set

corresponding,,; (/) to 0. After e,;(1) is set to0, then by (2.3), we can sef (/) to 0 for all m.

With all those fixed variables in this and past iterations,cae build a new LP and move on
to the next iteration. Eventually, all thevariables will be fixed, along with integer variablese,

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.ofariables that we will consider for fixing in each
iteration. Recall that our goal is to obtain a multicast fimeeach session once allvariables are
fixed. If we fix u variables solely based on its closenes$ &t each iteration (without any joint
topological consideration), then we find that the tree aoiesibn process is rather chaotic and has
the tendency to yield no solution for a session. As a resuwtc@anclude that it is most important

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

There are two possible approaches to include tree constnumbnsideration in fixing: vari-

ables. A natural approach is to construct a tree for a seésilaning a “top-down” approach,
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jeD() d(l) € D(l)

(a) Nodej is a destination node of a multicast sesdion(b) Nodej already has a route (fixed in previous iterations)

to a destination node of sessian

Figure 2.10: Selection of subsetwiariables to be fixed at each iteration.

i.e., from the root (source node) toward its leaf nodes {dasbn nodes). The problem with a top-
down approach is that when we consider a set vériables at a node, it is difficult to determine
how each candidatevariable that is eligible for fixing is related to each deatian node. That is,
a top-down approach of fixing variables at a node lacks directional information to theidason
nodes. As a result, such approach suffers from directidniaidness” in fixingu variables and is

thus not chosen in our approach.

On the other hand, if we start considering those candidatgiables that are eligible for fixing
at the destination nodes and working toward the source n&dg‘bottom-up” approach), then the
direction-blindness problem associated with top-downr@ggh can be avoided. For this reason,
we adopt bottom-up fixing in our solution. Specifically, wiveafix « variables, we only consider a
subset of those; (/)’s with either node being a destination node of a multicast sesgj@n node;
having at least one route (which has already been fixed inqursvterations) to a destination node
of session (see Fig. 2.10). Among all those eligiblevariables, we choose the one that is the
largest (closest to 1) and fix it tb. That is, the fixing ofu variables is specifically tailored to
the bottom-up construction of a multicast tree for the sessWe call thisopology-driverfixing

algorithm.

Another mechanism that we employ in bottom-up tree constmids subtree mergingThat
is, we attempt to exploit WMA as much as possible by joiningtiple subtrees with the same

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

current root nodeg andq are combined together at nodéone hop closer to the source node)
with one local broadcast (WMA). However, such joining of tiple sub-trees during multicast
construction is performed only when certain criteria are. iveparticular, aftew;; (1) is fixed tol
(i.e., the transmission from nodeo node; is performed by a local broadcast), we will use the
same local broadcast at nodléo cover another subtree with root@fi.e., fix v} (1) to 1) if (i)
ugz(l) > 0 in the current relaxed LP solutidnand (ii) adding node into this one-hop multicast

group does not increase the total number of required banusdat.

2.5.3 Post-Sweep Procedure

After we build the multicast trees and assign bands to eadls by the above bottom-up fixing
steps (i.e., we obtain a solution to the original MILP praob)eit is possible that we can further

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

Before describing the procedure, we show an example. Fig(&) shows a part of the tree for
multicast sessiofy where nodée is transmitting to nodeg,, j», 73 on bandsn, m»,, and node is
transmitting to node, on bandms. In this example, when nodetransmits on banehs, nodes

j1 andj, can also receive the data and bangl is enough for the transmission from nogéeo

2Otherwise (i.e.uj; (1) = 0in the relaxed LP solution), assigningj, (1) to 1 is likely to lead to poor or infeasible

solution as doing so is not recommended by the current LRisolu
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(&) Node: is transmitting to nodeg, j2,j3 on band (b) Nodesji, j» been detached from nodeand at-
mi, ms. tached to nodg, the transmission on band, at node

1 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, therpstod we cannot find a solution
to the original problem.

3. If all u variables are fixed, then we have an solution to the origiralpm, goto step 8.
Otherwise, goto next step.

4. Selectuj} (1) that has the largest value among all unfixeeariables withj is either a
destination node i (/) or has a route to a destination node’iy).

5. Find any other node that can be covered by this transmis$ite corresponding
variables are also selected to be fixed as

6. Based on constraints (2.1)—(2.7), (2.9)—(2.11), (2.22J (2.23), fix more, e, z, andy
variables.

7. Reformulate a LP problem with newly fixed variables andgép 2.

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

Figure 2.13: Pseudocode of proposed algorithm.
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nodesj; andj,. Then if we detach nodes andj, from transmitting nodeé and attach them to
nodep, the transmission on band; or m, at node; can be eliminated since one band is enough

to support the transmission from nod® nodejs, as shown in Fig. 2.12(b).

To summarize, the post-sweep procedure runs by seveiiaes. Within each iteration, there
is an outer loop which goes over each transmitting netdg breadth first search (BFS), and an
inner loop which goes over each transmitting nog BFS. For those # p, we consider the sub-
set of children nodes afthat satisfy (i) they are within the transmission range aa (ii) they
can receive the data from nogeon some bands and will not be interfered by other transmssio
on these bands; (iii) these bands provide enough capacitiiddit rate requirement. If we detach
such subset of children from nodand attach them to nogewill reduce the bandwidth usage at
nodei, then we modify the tree accordingly. Furthermore, aftes siwitching of parent nodes, if
any node becomes a leaf node but it is not a destination naglehauld remove the transmission
coming from its parent. For example, in Fig. 2.12(a)jsifs not in the tree, then after switching
the parent ofj;, j» to nodep, we should not only eliminate the transmission on bamnglsm, at
nodei, but also remove the transmission frarto node; if 7 is not a destination node. We continue

running this sweep iteration until no further improvemest de achieved.

Since the total number of transmissions in the first solusdrounded by (|N| - |B|-|£]), and
each iteration has improvement thus will reduce the numbansmissions, the total number of
the iteration is polynomial. Within each iteration, the@ighm performs polynomial operations,
therefore the post-sweep procedure is also polynomial.tA@domplexity of this post-sweep pro-
cedure is minor part compared to the previous bottom-updiriechanism thus will not increase
the order of our proposed algorithm. The pseudo-code of thyegsed 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 psgabsolution. 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 imgireal to solve it via an optimization
solver such as CPLEX within reasonable amount of time. Nke&ss, we can still run the prob-
lem in CPLEX solver; terminate the computation under a gitelerable) time limit; and use the
current (intermediate) lower bound obtained by the solgea target for comparison. Obviously,
such lower bound is likely to be very conservative and setgh standard for our solution to

measure up.

For ease of comparison, we will normalize our result w.rlie tower bound obtained by
CPLEX. Note that the optimal solution (unknown) is betweka solution obtained by our al-
gorithm and the lower bound by CPLEX. Thus, if the normalizesult is close td, then our

solution must be even closer to the optimum.

2.6.2 Simulation Setting

For ease of scalability, we normalize all units for distgrix@ndwidth, power, rate with appropriate
dimensions. We consider randomly generated ad hoc netwpdidgy consisting 020, 30 and40
nodes, respectively. For2) or 30-node network, the area of deployment i$(& x 100 square
whereas for d0-node network, the areai25 x 125. We assumé3| = 15 andW = 50. The set of
available bands at each node is randomly selected from tlod $&-band pool. The transmission
power P is set to4 - 107. The transmission range and the interference range are 3&and50,

respectively. The path loss indexs set to4.

We assume there afté| = 2 multicast sessions fa&0-node networks, anfC| = 3 multicast
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Figure 2.14: A30-node CR ad hoc network used in the example.

sessions foB0 and40-node networks. For each multicast session, the source inadedomly
selected and the set of destination nodes is also randonelgteé with a size withiri2, 5. The

rate requirement for each session is randomly chosen within00].

2.6.3 An Example

In the following section (Section 2.6.4), we will presé@nd sets of results for randomly generated
20-, 30-, and40-node networks. Before we present all those results, wdaak into one instance
of such result and gain some insights. The particular imgtdhat we will examine is a0-node
network shown in Fig. 2.14, where pentacles represent squrdes, stars represent destination
nodes, and circles represent other nodes in the networlke 2ab specifies the source nodes, the
set of destination nodes for each source, and rate requitdoreeach session in the network. The

location and available bands of each node are listed in TaBle
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Table 2.2: Source node, destination nodes, and rate regenteof each session in the example

30-node network.

Source Node

Destination Nodeg

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 frequencg®#or the exampl80-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 | (05,18.8) 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)| 1,2,3,4,9,10,11,12,13,14,1
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)| 1,3,4,7,10,11,13,14,1p 27 | (44.1, 47.5) 2,3,4,5,7,10,11,13,14
13 | (67.4,88.2) 1,4,57,9,12,14,15 || 28 | (52.9,63.7) 1,3,4,5,6,9,10,12,13,14,1}
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 exan3@-node CR ad hoc network.

The objective value obtained by our solutiori & while the lower bound by CPLEX is ald@
for this instance. Thus, the normalized result,i;ndicating our solution happens to coincide with

the optimal solution for this instance.

Figure 2.15 shows the details of our results. The numbersdddad in gray and over a link
indicate the bands used for this transmission. As showrgffigiure, WMA is employed on nodes
4, 12, 15, 19, 22, 26. Also note that since sessiGnhas a high rate requiremer#7), one band
is not adequate to support this multicast transmission fmoae 12 to both noded9 and27. As
a result, nodd 2 now uses two bandd({ and11) to transmit data to nod& (also broadcast to
node27).
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Figure 2.18: Results fai0 instances ofl0-node CR ad hoc network.

2.6.4 Simulation Resultson 150 CRNs

We now present complete results fir-, 30-, and40-node CR ad hoc networks. The results are
shown in Figs. 2.16, 2.17 and 2.18, respectively. For eablhark size, we generate 50 network
instances with different parameter settings (see Sect®2)and run both our proposed solution
and CPLEX optimization solver (to obtain a lower bound). &cle figure, ther-axis gives the
index for each network instance and tt@xis shows the normalized objective function (w.r.t. the
lower bound obtained via CPLEX). Therefore, the normalizgctive value is always be greater
than or equal ta. Given that the optimal solution must lie within our solutiand the lower bound,
the closer the normalize objective valueltdhe better the solution, withbeing the case that the

solution is optimal.

In Table 2.4, we list the mean and standard deviation of tmenalized objective value for the
20-, 30-, and40-node network, all wittb0 simulation runs. For each network size, the mean is

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

networks, each run ovén 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 mangsathe solution by our algorithm
is identical to the lower bound, which means that the sofutioincides with optimum. Since the
optimal solution is between our result and our lower, we taae 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 comnatiuns, in this chapter, we studied
multicast communication problem in an ad hoc network whahenode is equipped with a CR.
The goal is to minimize the required network resource to supset of multicast sessions, with
each multicast session associated with a given flow rate. Ndf&ed that the unique characteris-
tics associated with CR make this problem much more compiexdaficult than that for an ad

hoc network based on traditional hardware-based radio.diveulated the resource optimization
problem into a mixed integer linear program (MILP) via a arteyer approach. We developed a
polynomial time algorithm that incorporates several nade&s such as identification of key inte-
ger variables, fixing these variables via a series of reldixedr programming, and tying up such
integer fixing with a bottom-up tree construction. Basediorutation results, we showed that the

proposed algorithm offers highly competitive solutionséd on its closeness to a lower bound.



Chapter 3

Joint Optimization of MIM O and Cognitive
Radio Networks

3.1 Introduction

In parallel to the development of CR for DSA, MIMO [4, 45] haglely been accepted and now
implemented in commercial wireless products to increapaaty. The goal of MIMO and how
it operates are largely independent and orthogonal to C&Redid of exploiting idle channels for
wireless communications, MIMO attempts to increase capadthin the same channel via space-
time processing [14]. In particular, by employing multiglietennas on both the transmitting and
receiving nodes, wireless channel capacity can scale almearly with the number of antennas
(via spatial multiplexing) [9, 43]. Further, with zero-fing beamforming (ZFBF) [5,47], a node
may uses its degrees of freedom to mitigate interference bther nodes or its own interference

to other nodes.

Currently, the advances of CR (see, e.g., [16, 19, 30, 33%5%1]) and MIMO (see, e.g.,
[3,7,15,21-24,40,42,44]) are largely independent andlighto each other. CR operates on the

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

41
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the same channel to exploit efficiency within the same baredoBnizing the joint potential of CR
(across spectrum bands) and MIMO (within the same spectamd)p S. Haykin pointed out that
“... it seems logical to explore building the MIMO antennalatecture in the design of cognitive

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

Assuming that CR and MIMO will ultimately marry each othedaoffer the ultimate flex-
ibility in DSA and spectrum efficiency, we would like to ingeithe potential capacity gain in
this marriage. In particular, we are interested in how sualriage will affect capacity of a user
communication session inraulti-hopCRN. If we assume that each node in a CRN is equipped
with Ayivo antennas, then one would expect at leggtio -fold capacity increase when compared
to a CRN with only a single antenna at each node, due to spatiliiplexing gain from MIMO.
Now observing that CR and MIMO handle interference difféiye(with CR from channel level
and MIMO within a channel), we ask the following fundamergakstion: Will joint optimiza-
tion of CR (via channel assignment) and MIMO (via DoF allagaj offers more thamyvo-fold

capacity increase?

In this chapter, we investigate this fundamental problerhe &nswer to this question is im-
portant as it will show whether or not joint optimization afth technologies is necessary, given
that one already can havkvo-fold capacity increase by using MIMO spatial multiplexinge
consider a multi-hop MIMO-empowered CR network, which wé €RN"M° We develop a
tractable mathematical model for CRBRN®, which captures the essence of channel assignment
(for CR) and DoF allocation (for MIMO). We formulate this jdioptimization problem into a
mathematical program with the goal of maximizing the minmmrate among user sessions. Then,
based on this mathematical model, we use numerical resufisdaw how channel assignment in
CRN and DoF allocation in MIMO can be jointly optimized to niaize capacity. We give an
affirmative answer that the joint optimization of CR and MIM@n offermore thanAyuo-fold

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

The remainder of this chapter is organized as follows. IniGed.2, we offer some basic

understanding of CR and MIMO, thus laying the foundationrf@thematical modeling. In Sec-
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tion 3.3, we present mathematical models for joint optiti@aof CR and MIMO. In Section 3.4,
we present numerical results and validate the capacitgaser with joint optimization. Section 3.5

concludes this chapter.

3.2 Understanding CRN"™°

In this section, we review some important characterisss®eiated with MIMO-empowered CRN,
or CRN"™© First, on channel level, the CRNs exploit available spentand handle interference
via the use of different channels, as we discussed in Segti®i. Second, within a channel,
MIMO mitigate co-channel interference via ZFBF (i.e., usDoF), as we will discuss in the fol-
lowing section. A thorough understanding of these interiee avoidance/cancellation techniques
across/within channels is critical to mathematical madgand ultimately fully exploit the poten-
tial of CRNMO

3.2.1 Co-Channd Interference Cancelation with MIM O DoFs

Complementary to a CR’s ability to handle interference atd¢hannel level, MIMO can further
mitigate potential interference within a channel (band)e Total number of antennas at a node is
calleddegrees of freedorfor DoFs) [36] at the node. A node can use some or all of its OoFs
either spatial multiplexing (to achieve multiple concumrdata streams over a link) or co-channel
interference cancellation (to enable multiple links on slaene band), as long as the number of

DoFs being used does not exceed the number of antennas aidée n

The allocation of DoFs at a node for data transmission orfertence cancellation depends on
how the nodes in the network are “ordered”. The significarfcaioh ordering will be discussed

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

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

transmission. The number of DoFs to be allocated equal®toumber of data streams to be
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Figure 3.1: DoF allocation in MIMO.

transmitted. Then, for interference cancellation, thidenmust ensure that its transmission
does not interfere with those receiving nodes that are befas node in the ordered list. To
cancel its interference to these receiving nodes, this nedds to allocate a number of DoFs
that is equal to the received data streams by those nodes.tr@hsmitting node does not
need to allocate any of its DoFs to null potential interfeeto those receiving nodes that

are after itself in the ordered node list.

e 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 pumibdata streams to be
received. Then, for interference cancellation, this nodstrensure that its reception is not
interfered by those transmitting nodes that are orderearbefiis node in the list. To cancel
the interference from these transmitting nodes, this negelsto allocate a number of DoFs
that is equal to the transmitted data streams by those nod@s.node does not need to
allocate any of its DoFs to null potential interference frthrase transmitting nodes that are

after itself in the ordered node list.

An example is given in Fig. 3.1, where there are four noded) eguipped with four antennas.
All nodes operate on the same band and there are two mutaédisfaring links in the network:
1 — 2 and3 — 4. Suppose the ordered node list |2, 3, and4. Further, nodé is transmitting to
node2 with 1 data stream. Now we show how the DoFs at each node are atidoataterference

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

e Starting with nodel, it is the first node in the list and it is a transmitting nodehem it
allocatesl DoF for its transmission with data stream. It does not need to allocate any DoF
to cancel potential interference to other receiving notias are after itself in the ordered

node list, i.e., nodé.

e The nextnode inthe listis node As a receiving node, it allocatéoF for receivingl data
stream from nodé. It does not need to consider allocating any DoF to mitigaterference

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

e The next node in the list is node As a transmitting node, it needs to ensure that its trans-
mission does not interfere with any receiving node befa@fin the list, i.e., node. Thus,
node3 usesl DoF (equals to the number of received data streams by Pptiecancel its
interference on nod2 Now it has3 remaining DoFs, which can all be used to transmit data

streams (up t8) to node4.

e The last node in the list is node As a receiving node, nodeneeds to allocatg of its DoFs
for receiving3 data streams from node Node4 also needs to use its remainihigdoF
(equals to the number of transmitted data streams by mpde cancel interference from

nodel. This completes the DoF allocation at each node.

Why Ordering IsImportant The above example for DoF allocation in Fig. 3.1 is for a given



46

node order of, 2, 3, and4. Now we show that the ordering of nodes in DoF allocation igontant,
in the sense that an ordering directly affects the final smutThis affirms that finding an optimal

ordering should be part of the problem formulation.

The importance of node ordering for DoF allocation is begil&red with an example. Con-
sider a6-node3-link example in Fig. 3.2, where links — 2, 3 — 4 and5 — 6 all operate on
the same band. The interference relationship is indicadethahed line, i.e., both nodésand5
interfere nodel. There are four antennas at each node. The goal is to trapstath streams on

each of thes8 links. We now show that different node ordering will lead tfietent result.

e NodeOrder: 1, 3,5,4,2and 6. Starting with nodel, it is the first node in the list and
it is a transmitting node. Then it allocat2oFs to transmi data streams to node The
next node in the list is nod& As a transmitting node, it allocat@dDoFs to transmif data
streams to nod¢. The next node in the list is node As a transmitting node, it allocatés
DoFs to transmiR data streams to node The next node in the list is node It needs to
cancel interference from transmitting nodes before itsetiie list, i.e., nodd and nodeés.
For each of these transmitting nodes, nddeeeds to allocate DoFs. Now nodel has
already used up all of its DoFs. But for receiving data streams from node node4 needs
to allocate anothe? DoFs. Thus, under this node ordering list, DoF allocatioadbieve2

data streams on each link is not feasible.

e Node Order: 1, 2,4, 3,6 and 5. Now consider this node ordering for DoF allocation.
Starting with nodel, it is the first node in the list and it is a transmitting nodehem it
allocates2 DoFs to transmi data streams to node The next node in the list is node
As a receiving node, nodeallocates2 DoFs for receivin@ data streams from node The
next node in the list is nodé As a receiving node, nodeneeds to allocate of its DoFs
for receiving2 data streams from node Node4 also needs to use its remainiadoF to
cancel interference from node which is before itself in the node list. The next node in the
listis node3. As a transmitting node, nodkallocates2 DoFs to transmif data streams to

node4. The next node in the list is node As a receiving node, nodeneeds to allocate
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Figure 3.3: An example of CRI{MO,

of its DoFs for receivin@® data streams from node The last node in the list is node

As a transmitting node, nodeneeds to ensure that its transmission does not interfete wit
any receiving node before itself in the list, i.e., naderhus nodes uses2 DoFs to cancel

its interference on nodé¢. Now it has2 remaining DoFs, which it uses to transritlata
streams to nodé. This completes the DoF allocation at each node. Now we hésasible

DoF allocation under this node ordering list.

The above two examples show the importance of node ordenifi@pF allocation. Conse-

guently, such node ordering must be part of the formulatioour optimization problem.

3.2.2 An Example of CRN"'™°

We now offer an example to illustrate how interference igfjgihandle at channel level (via CR)
and within a channel (via MIMO). Figure 3.3 shows a 5-node ®¥R with each node equipped
with four antennas. The available bands at nodés 5 are {a, ¢, f}, {a,b,c,d, e}, {b,c,d, e},
{b,d, e}, and{a, b, d}, respectively. There are two communication sessions iméteork, i.e.,
1 — 2 — 3and4 — 5. The usable bands on links— 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 fosisesl — 2 — 3 and4 — 5.
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The mathematical formulation for such type of problems Wipresented in the next section. It
can be shown that by solving the optimization problem, 6 datams can be transported on each
of the two sessions. An optimal band usage on each link anddllo€ation at each node is the
following. On link 1 — 2, bandsa andc are used, where on bamgnodel allocatest DoFs for
transmittingd data streams to node and on band, nodel allocates2 DoFs for transmitting
data streams to node Correspondingly, on band node2 allocatest DoFs for receivingt data
streams from nodé; and on band;, node2 allocates2 DoFs for receiving? data streams from
nodel. On link2 — 3, bandsh ande are used, where on bamgdnode2 allocates2 DoFs for
transmitting2 data streams to node and on band, node2 allocatest DoFs for transmittingt
data streams to node Correspondingly, at node on band, 2 DoFs are allocated for receiviry
data streams from node and on band, node3 allocatest DoFs for receivingl data streams from
node2. On link4 — 5, bandsh andd are used. Nodé first allocates2 DoFs for transmittin@
data streams to nodeon bandb. Since nod8 is also active on banklthus will be interfered, and
the ordered node list on bads 2, 3, 4, 5, node4 thus allocates the remaini2gDoFs on band

to cancel its interference to node On bandd, node4 allocatest DoFs for transmittingt data
streams to node. Correspondingly, at node on band, 2 DoFs are allocated for receivirigdata
streams from node; and on bandi, node5 allocatest DoFs for receivingl data streams from

node4.

It is important to realize that a node’s DoFs are availabteaftocation on each channel. The
use of DoF for interference cancellation and spatial migimg only has significance within the
same channel. Given that there are multiple bands at eadh arodi that there are DoFs within
each band, the potential optimization space for capacilgrge. In fact, we shall show that the
optimal solution under CRMMO is greater than the number of antennas at each node (assuming
same number at each node) multiplies the solution under a @®Nout MIMO). For example,
it is easy to verify that for the later network (i.e., a CRNhatt MIMO), one of the two sessions
in Fig. 3.3 can only have a rate ofdata stream. Comparing todata streams under CEN©
we havet (> 4) folds increase in minimum session rate. This result wilflm¢her discussed in

Section 3.3 and substantiated in numerical results (Sesti).
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3.3 Mathematical Modeling

3.3.1 Modeling of CRN"™©

We consider a CRMMO consisting of a set ol nodes. At each nodec N/, there is a set oB;
available frequency bands that can be used for communiatis discussed; may represent the
set of bands that are unused by primary users and may beetliff#reach node due to geographical
difference. Denote the set of commonly available bands éetwodes and; asB;; = B; () B;.

Also, denoted; as the number of antennas at nede

Suppose there are multiple sessions in this network. De@adfee set of all sessions in the
network. For a sessiape Q, denotes(q) the source nodel(q) the destination node, anfdq) the

flow rate (in b/s). Table 3.1 lists all notation used in thiagter.

To model the half-duplex nature of each node on a band, wengsbinary variableg? andh?

to indicate nodé’s transmission/reception status on bande.,

X 1 if nodes is transmitting on band, »
P (ieN,beB)
0 otherwise.

y 1 if nodei is receiving on band, (ieN.beB)
;o= 1€ ,0€ D
0 otherwise.

Then the half-duplex constraint (i.e., a node cannot tréinand receive at the same time on the
same band) can be represented as follows.

Frni<1  ((eN,beB). (3.1)

As we discussed in Section 3.2.1, on any given band, thenotaber of data streams for trans-
mission or reception at a node is limited by its number of mmés. Denoté as a link in the

network and:? as the number of data streams over lirdn bandb. Then we have the following
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Table 3.1: Notation in Chapter 3

Symbol | Definition

A; The number of antennas at node N

Amimo | The number of antennas at each node (when each node has thawsauiner of antennas)
B; The set of available bands at node N

B;; The set of common available bands at nodgss N/

c The capacity when one DoF is used for data transmission ondidoger a link

d(q) Destination node of sessiagn

fq) The rate of session

g° A binary indicator.g? is 1 if nodes is transmitting, o0 otherwise.

h? A binary indicator.h? is 1 if nodei is receiving, o0 otherwise.

70 The set of nodes in the interference range of noole bandb

Lt The set of outgoing links on baridat nodei

Lif‘b The set of incoming links on baridat node:

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(1) Receiving node of link

s(q) Source node of sessiagn

Tx(1) Transmitting node of link

2 The number of data streams over lihén bandb

9?2- Binary indicator showing the relationship between nodasd; in the ordered list on band
b The number of DoFs on baridused by transmitting nodeto cancel its interference to noge

The number of DoFs on bartdused by receiving nodeto cancel the interference from noglg
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two constraints.

@< A<gA  (ieNDEB), (3.2)
leﬁg‘;t

W< > 2 <hlA; (ieNbeB), (3.3)
lech,

Whereﬁg?gJt andEL’jb represent the sets of outgoing and incoming links at riaeband, respec-

tively.

As discussed in Section 3.2.1, the DoF allocation (for tn@iasion/reception and interference
cancellation) at each node is determined sequentiallydoas@n ordered node list. This ordering
directly affects DoF allocation in the final solution and slibbe part of the optimization problem.

To model the ordering relationship among the nodes, we défallowing variable.

, 1 Nodei is after nodej in the node list on band o o
eji: (Z7JEN7J#Z7[)EBZ])
0 Nodei is before nodg in the node list on banal

Based on the definition @f-variable, we have
G?i + ‘9% =1 (i,jeN,beBy). (3.4)

Also, the transitivity property should hold for thevariables. That is, for any three nodeg andk
on band, if node: is after node and nodg is after node: (i.e.,@?i =1 and@,ﬁj = 1), then node

is after nodek (i.e., 02, = 1). This transitivity can be formulated by the following tweeiqualities.

The correctness of the above two inequalities can be eagiiffad by trying out all possible sums
of ;; and#?; and comparing with possible values@jf. Note that by (3.4), we hav, = 1 — 6},

then the above two inequalities can be rewritten in the Yalg form.

L<Oh+0+05 <2 (i keN,beBi( B[ )B) . (3.5)

Now we consider DoF allocation at a node, which includes Dalacated for transmis-

sion/reception and DoFs allocated for interference cdetomh. For transmission and reception,
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the number of required DoFs aEleﬁ% z} for a transmitting node andzmeﬁ.ﬁb z?, for a receiv-

ing nodej, respectively. For interference cancellation, as dissti$és Section 3.2.1, a transmit-
ting node needs to allocate its DoFs to cancel its interfaxea all receiving nodes before itself
in the ordered node list. Denof the set of nodes to which nodecan interfere on bané.
Then the number of DoFs that nodellocates for interference cancellation can be computed
asycp (0% - Ef,fé’}?ffl 2t ), where the inner summatioﬁzgiﬂfi 2t gives the number of data
streams for a given receiving nogevhile the outer summation is taken only over those receiving
nodes that are before nodén the ordered node list. Now considering both the DoFs atdeno

allocated for transmission and interference cancellati@have the following constraint.

Tx(m)#£i
STAeN (e Y A <A -g)M  (ieNbeB), (3.6)
lecdy jezt meLh,

where M is a sufficiently large number to ensure the constraint hafdsn node is not a trans-
mitting node (e.g., we can séf = Ejez_b A;). Similarly, if nodei is a receiving node, we have

the following constraint for its DoF allocation.

Rx(m)#1
oA+ d | D a | AR+ (A-h)M (e N beB). (3.7)
leLy, jeT? meLoy

For a given route for each session, we can identify the sétkd bn this route. Denoté aciive
the set of links that are used by all these routes in the n&twidren we have the following capacity
constraint on link € Laciive.

1 is traversed by,

Sooofa) < e Y A (L€ Laae) (3.8)

q€Q bEBrx(1),Rx(1)

wheref(q) is the flow rate of sessiop € Q andc is the capacity when one DoF is used for data

transmission on a band over lihk

For the CRN'"® under investigation, suppose we want to maximize the minincapacity
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among the sessions, then the optimization problem (derst&@PT) can be formulated as follows.

(OPT) max frin

Constraintg3.1)—(3.8)

Jwins f(q) =0 (g€ Q)
g2, ht € {0,1} (ieN,beB)
z22 >0 (I € Lactive: b € Brx),rx))
0% € {0,1} (i, EN,j#i,beBy) .

In this formulation, fuw, f(q), 97, kY, 2/, and6?; are optimization variables and;, M andc are
given constants. Due to the nonlinear product t@]&?(eﬁi : ZZ‘;’ZK’ 22 )in (3.6),Zj615,(9§?i :

ZRX(’”)# 2t )in (3.7), and integer variables, the problem is in the formMated Integer Non-

Out
meﬁj_’b

Linear Programming (MINLP).

3.3.2 Mathematical Refor mulation

A closer examination of our formulation in the last sectibows that it can be made more compact
and simpler (e.g., removal of redundant constraints andimear terms). In this section, we give

details in this direction.

Removing Redundancy. There are5 permutations for any set of three nodes v, w}, where
{u,v,w} C N. Note that according to (3.5), we can writ2 different constraints i groups for

any band € B, (B, ) B., as follows. By letting = u, j = w, k = v in (3.5), we have
1<6, +6, +6°, <2 (3.9)
By lettingi = u, j = v, k = w in (3.5), we have

1<, +60 +6, <2. (3.10)
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Follow the same token, we list the othegroups as follows.

1<6b, +60,+60 <2, (3.11)
1< +6, +6°, <2, (3.12)
1<, +6, +6, <2, (3.13)
1<, +60 +60, <2. (3.14)

A closer look at thesé groups of constraints shows that (3.9), (3.11), (3.14) la@esame; (3.10),
(3.12), (3.13) are the same. That is, we only need (3.9) aridD)3or any set of three nodes
{u,v,w}. Further, itis easy to verify that (3.9) is equal to (3.10)si®, = 1-6°,,6°, =1-6°
and®® =1-6° by (3.4).

To conclude, for any set of three nodés j, k}, the following constraints are sufficient to

describe the transitivity property.
1< +00+05 <2 ({i,5,k} CN,beBNB;NBx) - (3.15)

It is not hard to see that the number of constraints in (336)1Iy% of that in (3.5). Thus by using

(3.15) instead of (3.5), we can significantly reduce redaogan our problem formulation.

Linearization.  Note that the constraints in (3.6) and (3.7) have nonlineans (product of
variables), which bring in extra complexity in problem farkation. We now show how these
nonlinear terms can be removed via linearization. For thdinear term in (3.6), we define a new
variable)?; as follows.

Tx(m)#£i
Ny=6h- > 2 (ieNbeB,jeT)), (3.16)

m
In
meﬁjyb

which is the number of DoFs that transmitting nadeses to cancel the interference to receiving

nodej. With \%., (3.6) can be rewritten as:

Ji?

S+ MN<Agh+(1-ghM  (ENbEB). (3.17)

leLOt JET?
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Now, we need to add some constraints/f@ir This can be done by examining the definitiorv@lf
in (3.16). For binary variablé’,

Ji?

For ™ Em# b . we have ZTX(’Z.fZ b >0, A; ZTX(’Z.H’“ b > (. Multiplying each constraint

we have the following relaxed constraings; > 0,1 — 6%, > 0.

involving Qb by one of the two constraints mvolva E.f’ b and replacing the product term
03! éﬁ')”,# zb, with the new variable\’;, we obtain the following four constraints.
N> 0 (ieN,beB;,jeTl), (3.18)
TX(m #i
< Y 2 (ieN,beB;,jell), (3.19)
meﬁ'”
b b . .
A < A; -0 (ieN,beB;,jeTY), (3.20)
Tx(m)#i
N> A0t - A+ A (ieN,beBi,jell). (3.21)
mGE',”

Note that due to the relaxation of integer variab)g Z ﬁf’ b and product operations, the

above four constraints fdrg’.i might be looser than (3.16). However, for the special casmﬁ}j
is a binary variable, it can be easily verified that (3.16)asiealent to the four constraints in
(3.18)—(3.21). Therefore, it is sufficient to have lineanstaints (3.17)—(3.21) to replace (3.6).

Similarly, to remove the nonlinear term in (3.7), we defjuzf@ as the number of DoFs that
receiving node uses to cancel the interference from transmitting npdé-ollowing the same

token, (3.7) can be replaced by the following linear comstsa

sz’+ZM?i§Aih?+(l—h?)M (ieN.beBi),
lech, JET?
i >0 (ieN,beB;,je1t),
Rx(1m) i
ph< Y2 (ieN,beB;,je1?),

£Oul

MJZSA sz (Z.EN,bEBiajGIZb)a
Rx(m)#£i
M?iZAj"gb A+ Z (ieN,beB;,jeT).

meﬁom
3,b

Summary. With the above redundancy removal and linearization, we laaevised optimization
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problem formulation (denoted as OPT-R).

(OPT-R) max frnin
s.t. g +n <1 (i € N,beB)
<Zl€£omzl<gz4 (ZEN,bGBZ)
b bA. ; .
00+ 0% =1 (i,j e N,b € Byj)

1< 6% +6p,+60 <2
({i,,k} C N, b e B;()B;( ) Br)

Zlecggtzll)+zjezf)‘?z <Agd+(1—g)M (ieN,beB)
AL < ZZSF;Z 2 (ieN,beB;,jel)
A< A0, (i€ N,beB;,jeI)
Aoy > Ay -0 — A+ z“gg.fl b (ieN,beB;,jeT)
Zleﬁ.n 2+ ejbpﬂgAhb +(1=hrYM (ieN,beB)
i < zméﬁg,;" 2 (ieN,beB,jel)
ph < Aj -0 (i€ N,be B;,jeI)
> Ay - 08— A+ZRX£O§ZZ;L (ieN,beB;,jell)
fmin < f(q) (g€ Q)
S f(g) < 0 Sy 4 (LE Lacive)
Jwins f(q) =0 (g€ Q)
g?, hb e {0,1} (ieN,beB;)
22 >0 (I € Lacive, b € Brxa)rxt))
9%6{0,1} (i,j e N,j#1i,be By)
Ao b >0 (i,j e N,j#1,be By).

In this formulation, fuuin, f(q), g7, BY, 27, 6%, A}, andpb; are optimization variables anti, M/

andc are given constants. The problem is now in the form of Mixddder 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 followangcussion on the possible solution
to our problem. Consider a CRN with only a single transni#iree antenna at each node (i.e.,
A; = 1,1 € N). Denotefcrn the optimal objective value for this CRN with our problemrfar-
lation. Now consider a CRN® with the same topology as the above CRN, but now witkwo
transmit/receive antennas at each node. This RNk a special case of our CRN° network
with all A; = Awimo, @ € N. Denotef-gwivo the optimal objective value for this CRN° under

our problem formulation. Comparinfggymo and fcrn, We have the following observation.

Fact 1.

Jernmvo > Amimo X fern (3.22)

The equality part in (3.22) can be easily explained by exjlgispatial multiplexing, i.e.,
constructing the same solution in CRI as that in the CRN but with,yo data streams on each
link.

However, we are more interested in the possitdgualitypart in (3.22), i.e., with joint channel
level (via CR) and co-channel level (via MIMO DoF) optimiat within a CRN"™°, we should
anticipate more thaniyuo-fold increase in the optimal solution. The greater the gam ithis
inequality, the more potential in the joint CR and MIMO thanhde exploited. We shall look into

this potential gain via numerical results on various neksan the next section.

3.4 Simulation Results

In this section, we present some numerical results for uarieetwork configurations. The goals
of this section are two folds. First, we examine how the hateginnel interference and co-channel
interference are jointly handled by CR and MIMO DoF, respety, in an optimal solution for

an example network in Section 3.4.2. Then, in Section 3wWeyalidate the result in Fact 1,
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Table 3.2: Network settings

Number of Nodeg Number of Sessions Network Region
20 4 100 x 100
30 4 100 x 100
40 6 100 x 100
50 8 150 x 150

particularly the inequality part, thus demonstrating t@artance of two-level joint optimization

of CR and MIMO.

3.4.1 Simulation Settings

We consider randomly generated CE¥P’s with |A/| = 20, 30, 40 and50 nodes. For ease of
scalability and generality, we normalize all units for diste, bandwidth, and rate with appropriate
dimensions. The number of sessions and network region ébr eetwork configuration are shown

in Table 3.2. All nodes are randomly located within theirwatk region. For each network
configuration, the source node and destination node for &&s$ion are randomly selected. There
are|B| = 15 frequency bands available in the network. The set of availahnds at each node

is randomly selected from thi-band pool. The capacity achieved by one band and one DoF is

normalized tal. We assume that the transmission rangi#iand the interference rangeds.

3.4.2 Resaultsfor A 30-Node Network

Before we present complete results for all four network gunéitions, we select one network con-
figuration and explain the details of its optimal solutiomisTwill offer us thorough understanding

when we present results for the other network configurations

The particular network configuration that we will examinethe 30-node CRN"™© shown
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Table 3.3: Each node’s location and available frequency®#or the30-node CRN"™O°

15

Node | Location Available Bands Node | Location Available Bands
N1 | (18.0,42.7)| 1,2,45,6,8,9,10,11,12,13,14 N16 | (48.5,32.7)| 2,4,5,6,8,10,11,12,13,14,15
N2 | (40.7,51.0)| 1,2,4,5,6,7,8,9,10,11,13,14,15N17 | (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
N1l | (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,]
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)| 1,2,4,56,7,8,10,11,13,14,18 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 sessioa #0-mode CRN"™O

Sessiony | Source Node(q) | Destination Nodel(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 eacteraré listed in Table 3.3. Table 3.4
specifies the source and destination nodes for each seds@rMIMO, we assume each node
in the network is equipped with four antennas. We assumenmuimi-hop routing is used in the

network.

Using CPLEX, we can obtain an optimal solution to the OPT-6bfem. The optimal objective
value for this30-node CRN'"™O s 6, which means each session can send at ledsta streams

from its source to its destination.

In addition to the optimal objective value, we show chanae¢l and co-channel level solution
to achieve this objective. Figure 3.4(b) shows the optinaalcbassignment on each link for each
session. The bands assigned on each link are shown in shagesl. bThis result is also shown
in Table 3.5 (first3 columns). Also shown in columi of Table 3.5 is the capacity on each band
under the optimal solution. In columy we show the capacity (in terms of sum of capacity on
each band) over each link. Note that this capacity is at lgabus guaranteeing each session can

transport at least data streams.

We now examine co-channel DoF allocation in the optimaltsmtu Recall that DoF allocation
is performed within the same band. Given that we have a tdtab dands in the network, we
shall have DoF allocation within each of thé bands. Let’s first show DoF allocation in one
particular band, say band Note that band is used by links N2— N15, N3— N19, N26—
N22 in Fig. 3.4(b). The DoF allocation on theSenodes are given in Fig. 3.5 and Table 3.6.
As shown in Fig. 3.5, there are 2 data streams on each of thisks on bandl. The dashed
lines in Fig. 3.5 shows the interference relationship antbegiodes, i.e., node N2 interferes N19
and N22, node N3 interferes N15, and node N26 interferes Ntese transmission links and
interference relationships are also listed in Table 3.@/(tp, where “N2— N15 (N19, N22)”
denotes N2 transmits to N15 and interferes N19 and N22, dgo ghown in the first column of
Table 3.6 is the optimal order for the 6 nodes for DoF allazatn the optimal solution, i.e., N2,
N3, N15, N19, N26, N22. Based on this order, the DoFs at eadh are allocated as follows (also
see Fig. 3.5).
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Table 3.5: Details of band assignment, capacity on each, @t capacity on each link in the

30-node CRN/™©

Sessiory | Link Assigned Band Capacity on Band Link Capacity

8 1
N30 — N16 12
14
5
6
13
15
1
N2 — N15 2
4
11
15

1 N16 — N2

N6 — N12

N12 — N28

10
2 N28 — N26 11
15

N26 — N22

N11— N25

N25— N12
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Table 3.5: Details of band assignment, capacity on each, @t capacity on each link in the

30-node CRN'"™© (continued)

Sessiony | Link Assigned Band Capacity on Band Link Capacity
1 2
N3 — N19 3 4 7
4 12 1
7 2
N19 — N8 6
14 4
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Figure 3.5: The DoF allocation in the optimal solution on darior the 30-node CRN"°



Table 3.6: The DoFs allocation on bahéh the 30-node CRN"MO
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Transmission and Interferend

e N2— N15(N19, N22), N3— N19 (N15), N26— N22 (N15)

Ordered Node List

Interference Cancellation

(# of DoFs, To/From, Node

Spatial Multiplexing

(# 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)
14 T
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Figure 3.6: Objective value under different antennas fethnode CRN'"™©
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Table 3.7: The DoFs allocation on badl5 in the examplg0-node CRN"™©°

Band2

Transmission and Interfereng

e N2 — N15 (N28

), N12— N28

Ordered Node List

Interference Cancellatio

n Spatial Multiplexing

N15 (1, Receive, N2)
N28 (3, Receive, N12)
N2 (3, To, N28) (1, Transmit, N15)
N12 (3, Transmit, N28)
Band3
Transmission and Interferenge N3 — N19

Ordered Node List Interference Cancellation Spatial Multiplexing
N3 (4, Transmit, N19)
N19

(4, Receive, N3)

Band4

Transmission and Interferenge

N2 — N15 (N25), N

11— N25 (N15)

Ordered Node List

Interference Cancellatio

n 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 Interferenge

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 Interferenge

N16— N2 (N22), N

26— 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 bael5 in the examplg0-node CRN"™© (continued)

Band7
Transmission and Interferenge 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)
Bands8

Transmission and InterferengeN11 — 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 Interferenge N25— N12
Ordered Node List Interference Cancellation Spatial Multiplexing
N12 (4, Receive, N25)
N25 (4, Transmit, N12)
Band10
Transmission and Interferenge N28 — N26
Ordered Node List Interference Cancellation Spatial Multiplexing
N26 (4, Receive, N28)
N28 (4, Transmit, N26)
Band11
Transmission and Interferenge 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 bael5 in the examplg0-node CRN"™© (continued)

Band12

Transmission and Interfereng

e 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)
(1, To, N16)
N3 (1, Transmit, N19)
(2, To, N25)
N19 (2, From, N11)

(1, Receive, N3)

Band13

Transmission and Interferend

eN11— 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 Interferenge

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 Interferenge

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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e Starting with node N2, itis the first node in the ordered nasteahd it is a transmitting node.
Then it allocateg DoFs to transmi data streams to node N15. It does not need to allocate
any DoF to cancel potential interference to other receiviodes after itself in the node list,
i.e., node N19 and N22.

e The next node in the list is N3. As a transmitting node, it @l@s2 DoFs for transmit-
ting 2 data streams to node N19. It does not need to allocate any @oé&nicel potential

interference to receiving node N15, which is after itseltiia ordered node list.

e The next node in the list is N15. As a receiving node, it needsllbcate2 DoFs for re-
ceiving 2 data streams from node N2. In addition, it must ensure teaeiteption is not
interfered by any transmitting node before itself in the, lise., N3. Thus it allocates the

remaining2 DoFs to cancel the interference from node N3.

e The next node in the listis N19. As a receiving node, it altes2 DoFs for receivin@ data
streams from node N3. In addition, it allocates the remgigiDoFs to cancel interference

from transmitting node N2 which is before itself in the list.

e The next node in the list is N26. As a transmitting node, itdse® ensure that its trans-
mission does not interfere with any receiving node befagelfitin the list, i.e., N15. For
this purpose, it allocatesDoFs to cancel its interference to node N15. Then it allcctte

remaining2 DoFs to transmi® data streams to node N22.

e The last node in the listis N22. As a receiving node, it altesa DoFs to receivin@ data
streams from node N22. In addition, it must ensure that dspgon is not interfered by any
transmitting node before itself in the list, i.e., N2. Thitgllocates the remaining DoFs to

cancel the interference from node N2.

This completes the DoF allocation for each node in the lidv@amd1. The DoF allocation for

the 6 nodes is also listed in Table 3.6, where we employ theviigig two abbreviated notations.
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Table 3.8: Each node’s location and available frequencg$sor a20-node CRN"™©

Node | Location Available Bands || Node | Location Available Bands
N1 | (21.5,23.6)| 6,7,8,11,12,13,14,1% 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)| 1,3,5,7,8,12,13,14,1% 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)| 1,2,3,4,5,8,10,11,13,14,1
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)] 2,3,4,510,11,14,15|| 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 sessictDimade CRN"MO

Sessiony | Source Node(q) | Destination Nodel(q)
1 N4 N8
2 N7 N5
3 N12 N2
4 N18 N20

70
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Table 3.10: Each node’s location and available frequenog®#or a40-node CRN™©

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 sessiotdinade CRN"©

Sessiorny | Source Node(q) | Destination Nodel(q)
1 N3 N4
2 N29 N33
3 N38 N20
4 N5 N2
5 N7 N37
6 N28 N26

e We use the tuple (# of DoFs, From/To, Node) to denote theferemce cancellation relation-
ship between nodes. For exampl®, from, N3) denotes current node (in the first column
of the same row) allocate&sDoFs to cancel the interference from N3, wheread¢, N15)

denotes current node allocateBoFs to cancel its interference to N15.

e We use the tuple (# of DoFs, Transmit/Receive, Node) to dedata transmission relation-
ship between the nodes. For examplg, Transmit, N15) denotes the current node (in the
first column of the same row) allocat2oFs to transmit data streams to N15, whereas (

Receive, N2) denotes the current node WsB®Fs to receive data streams from N2.

Given the above explanation of DoF allocation on bandie now present DoF allocations on
bands2 to 15, which are listed in Table 3.7.

3.4.3 fCRNMIMO VS. AM|M0 X fCRN

The results in the last section give details in an optimalitsoh for a 30-node CRNMO with
Amimo = 4 antennas at each node. We now validate the result in (3.2@ruhfferent number of
antennas at each node. Figure 3.6 shows the optimal olgedalues under different number of

antennas for the same 30-node network discussed in theeldgirs Also shown in this figure is a
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Table 3.12: Each node’s location and available frequenog®#or a50-node CRN'™©

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)| 3,4,5,8,9,10,11,12,13,144 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,]
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Table 3.13: Source and destination nodes of each sessidgiinade CRN'MO

Sessiorny | Source Node(q) | Destination Nodel(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 gtrn. Note that the equality in (3.22) only coincides for the fpsint,
i.e., single antenna at each node. When the number of astextreach node is greater than
we have an inequality, i.efcgivo > Awimo X fcrn- That is, with joint channel level (via CR)
and co-channel level (via MIMO DoF) optimization within a GIR" network, we have more than
Ammo-fold increase in the optimal solution. This confirms thamj@ptimization of CR at channel

level and MIMO at co-channel level for interference mitigatis necessary.

In Figs. 3.7, 3.8, and 3.9, we further compgigymmo VS. Awmo X fecrn for 20-, 40-, 50-
node networks under varying number of antennas, respgctiee location and available bands
at each node and source/destination node of each sessigivanein Tables 3.8 to 3.13 for the
three networks. Again, we confirm our findings that joint opgation of CR at channel level and

MIMO at co-channel level offers more capacity thagwo-fold increase in capacity in a CRN.

3.5 Conclusion

In this chapter, we explored joint optimization of CR and MDMn a multi-hop ad hoc network.

By exploiting CR’s behavior at channel level and MIMO'’s chhi#y within a channel, we showed
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that we can have much bigger design space to mitigate inéece in the network. We developed a
tractable mathematical model for a CRNC that captures the essence of channel assignment (for
CR) and DoF allocation (for MIMO). Based on this mathematicadel, we used numerical results

to show how channel assignment in CRN and DoF allocation iM® kcan be jointly optimized to
maximize capacity. More important, for a CEBN° with Aymo antennas at each node, we showed
that the joint optimization of CR and MIMO offers more thdgwo-fold capacity increase than a

CRN with only a single antenna at each node.



Chapter 4

Summary and Future Wor k

4.1 Summary of Contributions

In recent years, CR has quickly been accepted as the enahtlitgtechnology for next-generation
wireless communications. With unique characteristice@ased with CR, new models and theo-
retical results, along with new mathematical techniquegdnto be developed. In this thesis, we
studied the important problem associated with CR ad hocar&sy The main contributions of this

thesis are the following.

1. We studied the multicast communications in CRNs. We skdwev to minimize the re-
quired network resource to support a set of multicast sesse&ach associated with a given
flow rate. Following a cross-layer approach, with joint ddesation of frequency band
scheduling and multicast routing, we formulated the resewptimization problem into a
mixed integer linear program (MILP). Then we developed gpoinial time algorithm that
incorporates several novel ideas such as identificatiorepfikteger variables, fixing these
variables via a series of relaxed linear programming, amdytyp such integer fixing with
a bottom-up tree construction. Based on simulation reswksshowed 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 dMD and CRN. We showed that
we can have much bigger design space to mitigate interferi@rtbe network, by exploiting
CR’s behavior at channel level and MIMO’s capability witldrchannel. We developed a
tractable mathematical model for a CHNC. The mathematical model captures the essence
of channel assignment and DoF allocation. This joint optation problem was formulated
into a mathematical program with the goal of maximizing th@imum rate among user
sessions. Using the numerical results obtained by the mmattieal model, we showed how
channel assignment in CRN and DoF allocation in MIMO can lr&lpoptimized to max-
imize capacity. More important, we showed that with jointiopzation of CR and MIMO
(CRN"MO) " the network capacity gains more thalijuo-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 sesé.

e For the multicast problem under CRN, we presented an effi@kgorithm which offers
highly competitive solution. Although we showed that ouluson is near-optimal, it re-
mains a heuristic solution. In our future work, we will cathasii developing a provably opti-

mal solution.

e For the CRN"™© 'we showed that it is necessary to consider joint optimiratif CR at
channel level and MIMO at co-channel level for interferemaggation. In our future work,
we will offer a more formal (theoretical) study on this pretsl. We want to explore when
the capacity gain will be strictly greater thaky,wo-fold increase. We will analyze the gap

between the two based on theoretical results.

¢ Inthis thesis, our study of CRN is based on the so-calledttiwa model”. Another interfer-

ence model is the so-called “physical model”, which is cdastd to be a more accurate, but
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also more complex interference model. The interferencioglship in physical model is
computed via signal to interference plus noise ratio (SINiR)ctly. This model introduces
non-linear term in the formulation and is more difficult toaéyze. In our future work, we

will consider how to use this interference model for jointiopzation of MIMO and CR.
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