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Abstract

A network capacity analysis for Dynamic Spectrum Management (DSM) enabled networks is
presented. DSM enables frequency reuse in both time and space when idle. This paper presents
a methodology for finding a capacity upper-bound. To this end, a model that characterizes the
frequency occupancy and availability is developed based on the network parameters of co-existing
networks. The computation of maximum instantaneous capacity is based on the application of the
“deferral set” and “boundary zones” concepts introduced in [5] considering the dynamic effect of
incumbent systems over their operational frequency intervals. This practical and easy to understand
methodology has its application on the design of future DSM networks.
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Abstract— A network capacity analysis for Dynamic Spectrum in use for significant periods of time. Government agencies
Management (DSM) enabled networks is presented. DSM enables gre then taking significant steps to remove regulatory barriers
frequency reuse in both time and space when idle. This paper 504 fagjlitate the development of secondary markets in

presents a methodology for finding a capacity upper-bound. To . . . .
this end, a model that characterizes the frequency occupancy and spectrum usage rights among the Wireless Radio Services.

availability is developed based on the network parameters of co- With all this critical mass of work on dynamic frequency
existing networks. The computation of maximum instantaneous spectrum access, it is not too early to question ourselves about
capacity is based on the application of the “deferral set” and the maximum network capacity that DSA enabled networks
“boundary zones” concepts introduced in [5] considering the can achieve. A fully practical methodology is developed to

dynamic effect of incumbent systems over their operational . .
frequency intervals. This practical and easy to understand find the capacity of DSA networks is developed based on

methodology has its application on the design of future DSM the the “deferral set” concept introduced by Fang in [4] and

networks. the modelling of frequency occupancy of incumbent systems
Index Terms—Ad hoc networks, Dynamic Spectrum Manage- by a queuing system. This methodology have interesting
ment, capacity analysis. theoretical and practical significance with respect to future

DSA system’s design—most significant is the parametric
model that adapts readily to different DSA implementations.
|. INTRODUCTION As a result, this model can be used to determine the amount
Wireless communications are embracing a period of spectrum that can be assigned to secondary RF spectrum
dramatic changes in the next several years. Their dependemzekets.
on new ways to access the RF spectrum has been increased
by the competition between military, new commercial The rest of the paper is organized as follows: To get a
services and government frequency spectrum usage. Therbeter sense of the amount of frequency that can be reuse,
now a commonly held perception that there is not enouglection-Il discusses the RF spectrum dynamics modelling.
available RF spectrum for new applications; however, tigection-1ll reviews the problem of finding the capacity of an
real problem is not a spectrum shortage, but developirgl hoc network with the inclusion of voids in their network
reliable Dynamic Spectrum Access (DSA) methods th&dpology. This analysis is based on the work developed by
enable new systems to co-exist with non-cooperative existifgng and McDonald in [5] for multi-hop wireless networks
users. Based on the work of Mitola on smart and cognitiwgorking with the IEEE 802.11 standard. Section-IV presents
radios [13], DSA enabled devices are envisioned as poliayset of conclusions obtained in this work. Finally, section- V
enabled devices that can sense environmental conditiatescribes the next steps in this research.
and opportunistically share frequency band without causing
interference to incumbents.
Il. RF SPECTRUMDYNAMICS

There is significant work currently under way to address key piece to find the network capacity is first to character-

these challenges including the Defense Advanced Reseq the frequency occupancy/availability as a function of three

PI’O]eCtS. Agency (DARPA) who is developing the ne).qjifferent factors that allow reuse: frequency division, time and
Generation (XG) program to develop a new generatlcg#
0

of spectrum access technology to increase the ability

military to access the spectrum. A series of publicly available

RFCs [8], [7] and [9] have been presented in which th®- ‘Incumbent Systems”

vision, approaches, functionalities and policy agile devicesIncumbent nodes hereafter called primary nodes are the
of XG are presented. On the regulatory sector, the Fedeliaensees of portions of the RF spectrum. They haveérigat
Communications Commission (FCC) in the Spectrum Task pass”to occupy their assigned frequencies. Primary nodes
Force Report [6], preliminary data and general observationan be characterized by the nature of their communications
indicate that portions of the radio frequency spectrum are n@e. Broadcast, unicast or multicast), topology and by their



traffic load. In this work, broadcast and unicast communicé;), and the probability distribution of the service time is

tions are considered for primary nodes. exponential with mean (/4) seconds. The expected state is:
K = pl-—p— ) M)
B. “Division of the RF Spectrum” ' e PR (B

~ The RF spectrum is discretized and dividedif + 1 5 yheith frequency interval and the average number of DSA
intervals. ns intervals are assigned t@ primary nodes and on4pled nodes is

one unlicensed interval is also present. An interference region

with radiusR surrounds all primary nodes where DSA nodes,

if present, are not allowed to transmit at the same frequency. Nk = N—Kixp )
A total of N DSA nodes are spread uniformly along the

primal’y’s network so an average pf DSA nodes are inside Wherep — (5) and pi is the average number of DSA enabled

every primary node interference region. o . . . .
yp y 9 nodes inside the interference region of a primary node working

at theith frequency interval.

1-\8 1-A5-Mt 1-A5-2Mt 1-A6-(Pi-1) u5  1-A5-Pi pd

C. “Primary Nodes Frequency utilization” A8 A3

LN A5 % A5 O
Based upon the division of the frequency spectrum, a /\‘ e
network capacity analysis is done for each frequency interval.
At the ith f interval ber of pri d Dt
e i" frequency interval, a number of primary nodes " Y a5 o o

going from “0” to B, are activated. Then, DSA enabled nodes

inside any active primary’s interference region are banned 6. 2. M/M/m/m Queueing System

transmitting or receiving data; and only the DSA enabled

nodes whose transmission range does not intersect with thé&inally, the maximum network capacity is the sum of all

interference region are able to transmit. Fig. 1 shows tlsemputed subnetworks capacities induced by the division of

nodes able to communicate under this scheme. The netwthik RF spectrum. To find the capacity of each subnetwork we

capacity analysis is done for all nodes able to communicafellow the methodology proposed by Fang and McDonald in

As will be shown after, the relationship between the primarief8]. The inclusion of void regions in the network produce a

interference region and DSA node’s transmission range haslistribution of the concurrent active links; however, the ef-

a direct impact on the capacity of the DSA network. Theects of such voids are modelled as the inclusion of additional
boundary zones [5].

Allowed Communication

I11. M ULTI-HOP WIRELESSNETWORK CAPACITY

/ A. “Network Topology”

. In [14], the network topology is defined by the adjustable
vector P = {p1, p2,..} that defines the existence of links as
a function of the transmission power. For a DSA network,
/ allocated bandwidth should be added; this= {p,bw ..},
'\. the bandwidth available at a link is given (i, j). Two
nodes are neighbors if the distance between them is less
than or equal to the maximum distance (range) for which
Rir the signal strength at the receiver exceeds the amount of
thermal noise present in the allocated bandwidth. Therefore,
bandwidth and transmission power are responsible of defining
the network topology.

Allowed Commuriication

Not Allowed

Produced by void
Boundary Region

Not Allowed A

@ R+r,’/
®

Primary Interference

. Region The topology of a multi-hop wireless network can be
® represented as a gragB(N,L) that contains a set of nodes
N and a set of linksL. Each link inL corresponds to an
ordered pair of nodes, sdy, ), and indicated is in range
with j meaning that transmission frontan be heard at. In
frequency utilization in time can be modelled a&AG/m/m  some situations, nodgmight be able to hear nodebut node
gueueing system witim-server loss system where each staiecannot hear nodg¢. In such a caséi, j) € L but (j,i)L. For
resembles the number of active primary nodes. Fig. 2 shottdés work, Ack-type communications are assumed; therefore,
the queueingvi/M/m/m system assuming that theprimary for i and j to communicate, both nodes have to be in range
nodes become active according to a Poisson process with ratlh each other and both links will be included in the ket

Fig. 1. Boundary zones



B. “Network Capacity” of each other. Vertices are included in the MIS if and

The methodology to be used is based on the collision fr88ly if no edge exist between them. The MIS problem
sets concept that reflect channel contention mechanism of@s one of the first proved to be a NP-complete problem
multi-hop environment. The analysis assumes arbitrary routiffg] and it is now known that the size of a maximum
and scheduling algorithm coupled with the characteristics f¥dependent set cannot be approximated even within a
a contention mechanism of a dynamic frequency allocatiéfctor of n'=°%) in polynomial time [10]. Robson presented
and control protocol. The problem of finding the capacitie fastest algorithm to solve MIS problemsQx2"*) in [15].
of the DSA network is broken into finding the capacity of ) . ] ] o
several multi-hop wireless networks. For each frequenc There exists different techniques to find approximations to
interval a DSA sub-network topology is induced. Théhe maximum matching problem and it is not the aim of the
maximum instantaneous capacity is computed for each of tgesent work to develop novel approximations to solve it. The
topologies and the total maximum instantaneous capacity!@hnique used in this paper is based on the work done by
the summation of all maximum instantaneous capacities. Erlebach [16] where he proposed an elegant Polynomial Time

Approximation Scheme for Maximum Weighted Independent

The contention mechanisms used imply that if ndde Sets (MWIS) based on the shifting strategy used by Hochbaum

transmits a packet, that packet will be correctly received #y1] and Hunt et al. [3]. The algorithm is the adapted to find a
nodej if and only if: solution of the maximum matching problem where nodes can

have different communication ranges. The algorithm relaxes a
solution with an approximation withigl — 1/k)OPT wherek

o 1. There is a link from to j [i.e., (i,j) € L], and . X
is an integer greater than zero.

« 2. No other nodek for which (k, j) € L is transmitting
while i is transmitting, and
« 3. itself is not transmitting whild is transmitting. D. “Algorithm”
It scales all links by the largest range coverage of transmitter

With these conditions, given an active transmission betweand receivers, so that the largest transmission range is 1.
a pair of adjacent nodes, all directed neighbors of the destifde scaling will create different topologies for which several
tion of the active transmission must defer any transmission fimaximum independent sets are induced. The set of links are
order to avoid collisions. Bertsekas in [1] defines a collisiorpartitioned onl different levels. The algorithm, also used in
free set is a set of links that can carry packets simultaneouf?® shows an efficient way to find an approximation to the
with no collisions at the receiving ends of the links. maximum matching problem; Along the creation of levels,
In [4], Fang and McDonald introduce the concept of “deferrdhe plane spanned by all nodes is partitioned in different
set” as the set of nodes and links that can not be actigeds. Links that cross the vertical and horizontal lines that
given the activation of link in order to avoid a collision. Inform the grids are erased from any possible solution; in
that case, the deferral set follows the specifications given bgldition, in order to avoid any conflict between local max-
the IEEE 802.11 standard where the contention mechanignum matching from two adjacent grids, only nodes farther
force different conditions as those enumerated above. In thiginr/2 are considered. Therefore, at a determined level, the
work, assuming half duplex communications, both source asdmmation of all possible local maximum matching provides
destination of the active link must defer any transmission atige total maximum matching. Grids are displaced horizontally

reception to and from other neighbors. and vertically and the solution and therefore the algorithm
claims an approximatiofil — 1/k)2. With the use of Dynamic
C. “Collision Free Set with Maximum Capacity” programming, the maximum matching coming from smaller

. - . . levels can be taken into account to find the maximum matching
The computation of the collision free set with maximum : . L
L . X .at a lower level (that includes nodes with larger transmission
capacity is a NP problem. To find the number of links in
7 . . ranges).
all existing collision free sets corresponds to solving the
Maximum Matching Problem that has been shown to be a ) ) i
NP-hard problem. It consists on finding the largest subset 'Bf “DSA: Theoretical Capacity Upper-bound
edges included irL such that no pairs of. have a vertex A DSA network withN nodes independently and uniformly
in common. A variant of this problem is the maximundistributed is considered; nodes have a fixed transmission
weighted matching problem that could be used to computange r and each node has an averaggneighbors. In section
the maximum capacity of a network using the maximuri-C the creation of void regions is discussed. Based on [4], it
Shanon capacity of every link. In this case, a modulatiaa known that the higher capacity of ad-hoc networks tents to
scheme for which the obtained channel capacity is invariasty in nodes that are in the boundary zones due to the lower
with respect to distance between transmitter and receivernismber of neighbors and therefore, less competition for the
used. channels. Following the same philosophy, it is expected that
the number of nodes in boundary zones grows with the number
The Maximum Matching problem is known to be veryof void regions. If nodes are distributed uniformly over a
related to the Maximum Independent Set (MIS) problemegion, the capacity of the network has two components: a)the

were nodes included in the independent set are not neighbousnber of active concurrent communications on the boundary



zone, and b)The number of active communications inside thase, where the DSA network is large enough to keep all its
network. topology characteristics even in a portion of it, the average
number of DSA nodes inside the primary interference region
MM(G(N,L)) = Ng +d x Area is given bypayg= (R/r)2 x (Nayg+ 1) and the average number
whered is the density of nodes. When opening a void, a ne@f heighbors ing’ is alsonayg. From equation (1) and (2) the
topology represented by the gra@i(N’,L’), whereN’ and average number of DSA nodes is known and from [4] the
L' are subsets ol andL respectively, is induced. Also thedverage area covered by level-1 interference 'sit about
graph contained inside the primary interference region cér +0-068r?, thus the number of non-overlapping level-1
be represented by (17,1"). The new topology has anotherinterference set in th&" frequency interval is:
boundary zone that is created around the void. Hence, the

capacity of the network is now given again by the active N — pavgp(l—p%a,)

1 k—P;
communications original boundary zone, the number of activeAreq"'Eth’rk: . n S0P (50)
communications in boundary zone around the void and finally ~ Aréa 3 +0.068 Navg+1
the number of active communications everywhere excludimgsuming that the modulation in used by the DSA allows
the two previous ones. link capacity to be proportional to its bandwidth, the network
; th i i .
MM(G'(N',L')) = Ng + d x Areay +Ng capacity at the'" frequency interval is bounded by:
N — 1- —1

As the numbemMNg is bounded by the maximum number of BWm Pavgp( EE':opk’P'(%)) @)
independent concurrent links around the void, it can be shown %‘+0.068 Navg+ 1

from Fig. 3that that number is a function of tRé ratio and
equal toC = 21/ cos 1(1— (1/(2(R/r +1)?))). Then, it can
be concluded that the maximum matching @f is bounded
by: n

and the total capacity of the DSA network, can be bounded
by the expression:

N—pp(l— +—2—pr
BWmt PP ST ar )
MM(G/(N',L')) = O(MM(G(N, L)) - MM(g(n,1)) +C)  (3) 2 70,068 vy 1 1

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 mdt2 communications
in network, in general, the shortest path length is just one hop
and the longest path length equals the diameter of the network
VN, so the average hop count for a communication will be
around@, then using the previous definition of throughput,
the throughput capacity of arbitrary communication will be
around :

3n o 1
8(11+0.05)(Navg + 1) iZoBW(N e m))

If a common inter-arrival rate\ and service rateu is
assumed for all groups of primary nodes in their respective
frequencies as well as a common number of primary nodes,
then the DSM network capacity is bounded by the expression:

TABLE | CixBWrotar CoxK(p,P)xBW, R,
APPROXIMATION ERROR BETWEEN WHEN APPLYING THE EQUATION3) m - Nm X (?)
ABOVE AND Ngyg=5

(®)

Produced by void

Boundary Region

Primary Interference

Region

Fig. 3. Maximum number of communications around the void

whereP is the number of primary nodes per frequency interval.

- = = = Pep X
LU R/7r060/20 R/rlg/:’ R/rl—%5 For a value ofP >= 3, K(p,P) = px (1— &57). ny is the
100  5.7% 19.2% 5.50 30% num_ber of frequency intervaIB,y\IrOTAL is theltotal .bandwidth
150  9.6% 13.9%  13.9%  100% (assigned and not assigna&l), is the bandwidth size for each
200  1.6% 0% 20% 14% ; i ;
300 05% 0.4% 0.2% 11% frequency intervalK(p,P) is the average number of active

primaries per frequency slot an@; and C, are constants.

From the Table | it can be seen that for the case aasically it is found that the new capacity upper-bound is the
having nayg = 5, it is necessary to have as much as 150 8Pmposition of the upper-bound in an ad hoc network working
more nodgs if :cheR/r ratio goes to 2 at the most; then thd" the total bandwidth size minus the capacity introduced by

primary 'r_]te_rference region contains a .t0p0|09y with Similar yeye|.1 interference set is the set of direct neighbors of the communication
characteristics to the topology when voids are absent. In thatr



all nodes affected by the instantaneous activation of primgmng]
nodes.

16
IV. “SUMMARY AND CONCLUSIONS' [16l

In this paper, a complete characterization of both RF spec-
trum dynamics is developed taking into account temporal, fre-
guency and space diversity for the first time. The methodology
uses the concepts of “deferral set” and maximum instantaneous
capacity and takes into account the effect of boundary regions.
Our results show: (1) An extensive analysis and methodology
to find an upper-bound for DSA networks regardless the partic-
ularities of their implementation. (2) DSA enables significant
throughput increase versus the static spectrum management
(legacy) case. (3) The capacity obtained depends directly by
the total number of active primary communications and the
communication range ratio of primary and DSA devices. This
information is useful to measure the performance for future
DSA designs.

V. “FUTURE WORK”

Finally, future work should investigate several real-world
spectrum assignment to primary nodes in order to make an
study on the feasibility of DSA systems in a band-per-band
basis. These results will provide insight into the dependency
of system performance on the assignment employed as well
as the class of techniques that should be used under different
scenarios of primary nodes’ traffic load and topology.
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