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Abstract— A network capacity analysis for multi-hop wireless agency responsible for spectrum allocation and reguldtion
networks enabling Dynamic Spectrum Access (DSA) is pre- the U.S. is taking steps toward removing the current regnyat
sented. DSA techniques enable frequency reuse in both im&d. 1,5 riars. The FCC's objective is to facilitate the develepm

space without causing destructive interference to incumbs. f d Kets i t iaht th
This paper presents a methodology for finding a theoretical Of secondary markets In spectrum usage rights among the

capacity upper-bound of DSA enabled networks based on both: Mmany competing Wireless service providers.
Incumbent’s frequency occupancy and topology information This The research on DSA has hit a critical mass; however

practical and easy to understand methodology is envision thelp  regulatory barriers have prevented much implementatian. A
on the design of future DSA Systems under simple ownership e gawn of DSA approaches, one of the significant questions
with non interference easement or the commons regime. . . . ) .
that arise is how effective can it become? Re-stated: whheis

maximum theoretical capacity a wireless network can aehiev
using DSA enabled devices? In this paper a practical pectic

The wireless communications "industry” is poised for sigmethodology for answering this question is developed based
nifcant technical advances that will dramatically impaue t on the “deferral set” concept introduced by Fang in [3] and
number of wireless "users”, applications, services ando#ev the a model for the presense and attributes of incumbant or
In large part the expected dramatic change has been hampésgecy devices whose FR spectrum demand is effectively a
by the regulation and management of radio spectrum. Todgyieuing system. The research presented in this paper has bot
policy changes are needed to open the doors to make certaioretical and practical significance, which will contrié to
frequency assignments more flexible by permitting dynamigture DSA system design. Most significant is the parametric
spectrum allocation (DSA). Fast switching frequence agildodel that is readily adaptable to future DSA implementegio
radios and new policy-based algorithms and protocols a#ence, this model provides an important marketing tool that
needed to support DSA and "spectrum management” (considetermines the amount of spectrum that can be assigned to
the analogy to mobility management). The concept of "spesecondary markets.
trum shortage” is better expressed as "inefficient spectrumThe remainder of this paper is organized as follows: Section
ulization.” Il a model for the characterization of RF spectrum occupancy

The objective is to develop reliable policy-based DSAynamics. The main theme of this paper is presented as the
methods that support new systems and co-exist with incutnbproblem of finding the capacity of a reconfigurable multihop
(non DSA) systems. Congitive radios and other smart mobilgreless network (RWIN), e.g. an ad hoc network in Section-
devices based on the work of Mitola [10] will enable designetll. The capacity of DSA enabled networks is determined for
and providers of public and private wireless systems afiged channel and frequency reuse cases. Finally, the sectio
services to achieve this objective. Given new, forwardkirig presents analysis of a theoretical upper-bound for muiti-h
policies for spectrum allocation and use the usable capatit wireless networks utilizing IEEe 802.11 for MAC based on
wireless networks will achieve significantly higher utton, techniques developed in [4]. Conclusions and discussion of
this supporting greater capacity. DSA enabled devices dtgure research are presented in Section-1V.
envisioned as policy-driven systems that sense envirahent
attributes and opportunistically share frequency bandsoui Il. SPECTRUMDYNAMICS
causing interference to incumbent systems. Characterization of spectrum occupancy dynamics is the

In anticipation of regulatory change, The Defense Advancéidst step in the analysis of DSA enabled wireless network
Research Projects Agency (DARPA) has been leading tbapacity. Three factors that allow for frequency reuse,elgm
development of a new "wireless architecture.” The on-goirfgequency (band), time and space are needed for a genelralize
project is is the "Next Generation Wireless (XG) Programdnalysis. The remainder of this section presents a model
A series of available RFCs [6], [5] and [7] pose the DARPAharacterizing the discrete division of the RF spectrunxtNe
vision, approach, and technical functionality regulatpojicy the concept of the "interference region” is introduced ideor
required of XG frequency agile devices. The Federal Corte define a policy for spectrum based on whether a node uses
munications Commission (FCC), which is the governmemMSA or operates in a fixed frequency band (FSA). Finally, a

I. INTRODUCTION



model is developed to characterize the frequency utibzesif

FSA nodes and determine the maximum network capacity of
a heterogenous network of FSA nodes operating in the same
space with DSA enabled nodes.
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Regiot

A. Division of the RF Spectrum
Groups of licensed users occupy only a portion of the

. . . . . ®
RF spectrum. The spectrum is discretized and divided in
ns + 1 frequency intervals or bands. In a given geographic
region ans bands are assigned # < ns licensed "users”, e ®
hereafter refered to aprimary_nodesthenf —P +1 remaining Fig. 2. Interference Tolerance Approach
frequency bands are unassigned.
A”D_WM mmmmmmmm ' ml of the DSA network. Having independent distributions fog th
/;f,:lt:t)); activation and service time for alk nodes, the frequency
L utilization can be modelled as@/G/m/m queueing system

with m-server loss system where each state resembles the
number of active primary nodes. Assuming that khgrimary
nodes become active according to a Poisson process with rate
(Aj), and the probability distribution of the service time is
exponential with mean (l4) seconds. The expected state is:

Ki = p(1-—5———=5— 1
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at theit" frequency interval and the average number of DSA
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Fig. 1. Exclusive Primary Occupancy Approach No= N-Kixp (2)

wherep = (A) and p; is the average number of DSA nodes

B. Interference Regions inside the interference region of a primary node working in

Every primary node is associated with anterference thei'" frequency interval.
region that can be approximated as a circular space of radiug-inally, the maximum network capacity is the sum of all
R given an omnidirectional antenna and a free-space (likeymputed subnetworks capacities induced by the division of
environment. Two policies are possible for DSA: (1) Exchesi the RF spectrum. To find the capacity of each subnetwork
frequency occupancy for primary nodes, or (2) interefed¥e follow the methodology proposed in [4]. In the case of
tolerant frequency re-use. Using the first policy DSA nodéclusive primary nodes frequency occupancy the inclusfon
located within an interference regioare not permitted to void regions produce a redistribution of the concurrenivact
transmit on the primary’s assigned frequency band if tHi@ks. On the other hand in the case of interference toleranc
primary is transmitting or receiving in that band. Acco@inDSA enabled nodes will reduce their transmission powers so
to the second policy DSA enabled nodes permitted to Water filling techniques through power control can be agplie
transmit on_the primaty’g assigned frequency.band sub@ectt |11 M uULTI-HOP WIRELESSNETWORK CAPACITY
the constraint that it's signal power at the primary does ng\t
cause destructive interference. Assume thddSA nodes are “ ™
distributed uniformly over a network of primary’s such that The network topology is defined by the connectivity among
there are an average Bf DSA nodes are located within eachhodes therefore the power and bandwidth transmission for

Network Topology

primary node’s interference region. each link are important. The vect® = py,bw,, where py
’ - is node’su transmit power allocated fobw(u,v) establish
C. Incumbent's Frequency utilization the communication between nodasand v. Two nodes are

Based on frequency allocation a capacity analysis is undaeighbors if the distance between them is less than or equal
taken for each assigned frequency band. Atithdrequency to the maximum distance (range) for which the signal stiengt
interval, a number of primary nodes going from ORocan at the receiver exceeds the amount of thermal noise prasent i
be active and any of both approaches listed above can the allocated bandwidth.
taken. The network capacity analysis is done for all nodesThe topology of a multi-hop wireless network can be
able to communicate. The primary interference region amepresented as a gra@{N,L) that contains a set of nodés
DSA transmission range has a direct impact on the capadiyd a set of linkd.. Each link inL corresponds to an ordered



pair of nodes, sayi, j), and indicates that transmission frongreater than zero. The set of links are partitioned on differ

i can be heard at. In some situations, node j might be abldevels and with the use of Dynamic programming, the maxi-
to hear node but nodei cannot hear nod¢. In such a case mum matching coming from smaller levels can be taken into
(i,j) L but(j,i) € L. For this work, we consider bi-directionalaccount to find the maximum matching at a lower level (that
communications. includes nodes with larger transmission ranges).

B. Network Capacity D. DSA: Theoretical Capacity Upper-bound

The methodology to be used is based on the concepts oA DSA network with N nodes independently and uniformly
collision free sets which reflect channel contention mechdistributed is considered; nodes have a fixed transmission
nism of a multi-hop environment. The analysis here is baseahge r and each node has an averaggneighbors. In section
on arbitrary routing and scheduling algorithm coupled witH-C the creation of void regions is discussed. Based on [3],
the characteristics of a contention mechanism of a dynaniiégs known that the higher capacity of ad-hoc networks tents
frequency allocation and control protocol. The total maxim to stay in nodes that are in the boundary zones due to the
instantaneous capacity is the sum of all maximum capacitikesver number of neighbors and therefore less competition
over all frequency intervals. In this multi-access scheifie, for the channels. Expecting the same pattern, the number
nodei transmits a packet, that packet will be correctly receiveaf nodes in boundary zones grows with the number of void

by nodej if and only if: regions. If nodes are distributed uniformly over a regidmg t
« 1. There is a link fromi to j [i.e. , (i,j) € L], and capacity of the network hag tV\{O components: a)the number of
« 2. No other nodek for which (k, j) € L is transmitting &ctive concurrent communications on the boundary zonek, an
while i is transmitting, and b)The number of active communications inside the network. ¢
« 3. j itself is not transmitting whilé is transmitting. The number of active communications inside the interfezenc

gion for the case of using the tolerant interference aggro
S this value is independent of the previous two, it will be
considered later on this analysis).

With these conditions, given an active transmission betwe
a pair of adjacent nodes all directed neighbors of the de
nation of the active transmission must defer any transorissi
Using the definition of collision-free sets from [1], a celbin- MM(G(N,L)) = Ng+d x Area

free set is a set of links that can carry packets simultarigous ) ) o )
with no collisions at the receiving ends of the links. Digat Where MM is maximum matchingl is the density of nodes

contention mechanisms can be applied if the distance dRdArea is the area surrounded by the boundary zone. When
hops between active transmissions is increased. As links 8PN & void, a new topology represented by the graph
considered bidirectional the deferral set with respectio & (N';L'), whereN"andL’ are subsets dff andL respectively,

active link is defined as the group of nodes and links whidf induced. Also the graph contained inside the primary
are one hop away the communication pair. interference region can be representedghy’,!’). The new
topology has another boundary zone that is created aroend th

C. The Maximum Matching Problem void. Hence, the capacity of the network is now given again by
The computation of the collision free set with maximunthe active communications original boundary zone, the rermb
capacity is a NP problem. To find the number of links i®f active communications in boundary zone around the void
all existing collision free sets corresponds to solving thand finally the number of active communications everywhere

Maximum Matching Problem that has been shown to beexcluding the two previous boundary zones.

NP-hard problem. The Maximum Matching problem consists N 1YY

on finding the largest subset of edges included isuch that MM(G(N',L)) = Ne+d>x Areay + Ny

no pairs ofL have a vertex in common. If each of the linkdVhereAreg| is the area inside the void; as the numbigr is

has a different capacity depending on distance betweensnotieunded by the maximum number of independent concurrent

or characteristics of the medium, the problem of finding tHénks around the void, it can be shown from Fig. 3that that

number of concurrent communications becomes the maximumamber is a function of theR/r ratio and equal toC =

weighted matching problem. 21/ cos (1 — (1/(2(R/r +1)?))). Then, it can be concluded
There exist different techniques to find approximations that the maximum matching @' is bounded by:

the maximum matching problem and it is not the aim of th NN

present work to develop novel approximations to solve ie Th(TVIM(G (N',L)) = O(MM(G(N, L)) =MM(g(n.1)) +C) ()

technique used in this paper is based on the work done yFrom the Table | it can be seen that is not needed to re-

Erlebach [11] where he proposed an elegant Polynomial Timempute the Maximum matching of the resulting topology

Approximation Scheme for Maximum Weighted Independeafter a void appears but it is only necessary to find the maxi-

Sets (MWIS) based on the shifting strategy used by Hochbawmum matching inside it. For the case of havimgg=>5, it is

[9] and Hunt et al. [2]. necessary to have as much as 150 or more nodes if the ranges
The algorithm is the adapted to find a solution of theatio goes to 2 at the most; then, the primary interference

maximum matching problem resulting in a solution with anegion contains a topology with similar characteristicdte

approximation within(1—1/k)OPT wherek is an integer topology when voids are absent.



where € is “0” if the exclusive frequency occupancy by
primaries is follow and “1 if it is the interference tolerance
approach. The total capacity of the DSA network, can be
bounded by the expression:

Produced by void
Boundary Region

o n N-pe(- W)
B! k=0 T € 5
i;) W(%"+O.068 Navg+ 1 +€xSal) (5)

Definition 1: Throughput is defined as the time average of
the number of bits per second that can be transmitted by every
node to its destination.

Given that only unicast communications are considered, in
the network, at any time, there is at md$f2 communica-

Primary Interference
Region

Fig. 3. Maximum number of communications around the void

N [|Rr=1]R/r=2] R/r=3] R/r=5

50 0% 700% 1% 1% tions in network, in general, the shortest path length wal b
100 | 5.7% | 19.2% | 5.5% 30% just one hop and the longest path length will equal to the
150 | 9.6% | 13.9% | 13.9% | 100% diameter of the network/N, so the average hop count for a
200 | 1.6% 0% 20% 14% - . N
300 | 05% 0.4% 9.9% 11% communication will be around/z—_.
If a common inter-arrival rate\ and service rateu is
TABLE | assumed for all groups of primary nodes in their respective
APPROXIMATION ERROR BETWEEN WHEN APPLYING THE EQUATION3) frequencies as well as a common number of primary nodes,
ABOVE AND Nayg =5 then the DSA network capacity is bounded by the expression:
C1 x BWroraL G2 x K(p,P) x BW, y (B)2+C «S
\/N N\/N r 3 ol

It is assumed that the DSA network is large enough to , . ,
keep all its topology characteristics even in a portion of iyvhereP|sthe number of primary nodes per frequency interval.

8
the average number of DSA nodes inside of one primaFpr @ value ofP >3, K(p,P) = px (1- o ng s the
interference region is given bayg= (R/r)? x (Nayg+ 1) and num_ber of frequency mtervaIB,\_NrOTAL is the.total _bandW|dth
the average number of neighbors g is also nayg From (assigned a}nd not asagneB}Np is the bandwidth size forea_ch
equation (1) and (2), and assuming the case of the tote@quency intervalK(p,P) is the average number of active
exclusive primary frequency approach the average numberRsfmaries per frequency slot ari@, C; andCs are constants.
DSA nodes is known and from [3] the average area covered Bgsically it is found that the new capacity upper-bound & th
one-hop direct neighbors of the communication pair is abog@Mposition of the upper-bound in a ad hoc network working
(47 40.068)r, thus the number of concurrent communicatiolf! the total bandwidth size minus the capacity introduced by

sets in theith frequency interval is: all nodes affected by the instantaneous activation of pgma
N a 1 nodes.
Areanetwork s PPt o R D
= P ' IV. “SUMMARY AND CONCLUSIONS’
Area 44 0.068 Navg+ 1

For the case of the interference tolerance in the primargIn this paper, two approaches for DSA systems are pre-

interference region, the amount of level-1 interferences s& nted: a conservatlv_e and a interference tolerance. Em,_th .
increases. Nodes inside the interference region will ha@ecomplete chgragterlzanon of both RF spectrum dynamics is
smaller communication range that gets smaller as nodes g?é(eloped taking into account temporal, frequency andespac

closer to the primary node. The interference region is @did versity for the first ime. The methodology presented is
simple and easy to understand and validate the resultselbtai

in n concentric circumferences of radids such that the : 81 This inf tion i ful t h ¢
transmission range for the nodes in between circumfere¢94 ]. This in ormation IS usetul to measure the performanc
or future DSA designs.

with radiusd andd;; has radiuss, = 81— 9. The total
number of level-1 interference set is given by:

on—1 2n
Sol = E " - Ay .
8 =541 ___ Ay
arccogl 2 +A5l)2)

V. “FUTURE WORK”

Finally, we propose future work to investigate several-real
) o world spectrum assignment to primary nodes. In order to

Assuming that the modulation in used by the DSA allowg,ake an study on the feasibility of DSA systems in a band-
link capacity to be proportional to its bandwidth, the netvo per-pand basis. These results will provide an insight into
capacity at thé"" frequency interval is bounded by: the dependency of system performance on the assignment
N— 1— 1 employed and provide an insight into the class of techniques
n PavgP(l— 5 7pr) . . . .

SoP () +texSa) (4) that should be used under different scenarios of primargsod

%” +0.068 Navg+ 1 traffic load and topology.
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