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Abstract— In this paper, we present a network flow based
approach for network selection for secondary users in cogtive
radio networks. Most approaches in the current literature on
cognitive radio do not consider network selection. We presd
a network flow framework for network selection. We show that
our approach can enable re-assignment of networks to secoad/

and the price dynamics were studied. Achievable capacity in
cognitive radio networks was studied by Devrogteal. in

[6]. The authors considered cases of genie aided cognitive
radio channel where the receiver is non causally provided
the message from the transmitter in an interference channel

users and also re-assignment of channels to secondary usersand then compare this with the case of causal cognitive radio

within the same network. The assignments and re-assignment
take into account, the interference caused to primary usersthe
price each secondary user is willing to pay and the quality of
service (QoS) obtained by each secondary user.
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I. INTRODUCTION

channel and obtain an achievable capacity region.

Most approaches in the literature however did not consider
re-assignment of secondary users to networks and also did
not consider allocation of secondary users to networkstdUse
choose networks based on several factors that includelsigna
strength, QoS and price. Also, re-assignment of users to
different networks or different channels in the same nekwor
could result in a better spectrum utilization. In this papes

The developments in software defined radio (SDR) arapply the theory of network flows [8] to determine an optimal
cognitive radio networks resulted in the paradigm of usesdlocation of users to networks based on factors like QoS,
sharing spectrums on an opportunistic basis. Users belongerference thresholds on primary users and price.
ing to one network sense spectrum opportunities in anotherThe rest of the paper is organized as follows. In Section II,
network and contend for the unused spectrum in this secomd present the system model. In Section Ill, we present the
network. The users thereby become “secondary” users in thetwork flow framework formulation. Section IV presents the

second network. Users that originally subscribed to thersgc
network are called “primary users.” The combined intenfier

caused by all secondary users to existing primary userdéhou

conclusions.

Il. SYSTEM MODEL

be below a specified threshold. In [1], Liu and Wang presentoyr ghjective is to obtain a framework to allocate secondary
the characteristics of spectrum agile networks and stuemth sers to different available networks. Each usenters the
based on two metricsa) the effective non-opportunistic system with a minimum rate requirement and is willing to
bandwidth andb) the space bandwidth utilization. A MOreénay a maximum price. There arenetworks and each network
comprehensive survey of cognitive radio networks is préen contajns a specified number of channels that can be used by a

in [2].

secondary user. Any secondary user, when allocated a channe

Cognitive radio networks have been studied from a resourggy network, causes interference to the primary users in the

allocation perspective. Different approaches like grapdot

network. It is desired to limit the maximum interference to

retic models [3], game theoretic models [4],[5] and leagninge primary users below a specified threshold. Users are to be

automata [7] have been studied. Spectrum assignment apd

igned to networks to satisfy all the above constraints. W

resource allocation for cognitive radio networks based QRake the following assumptions:

graph coloring approaches were studied in [3]. The authors

provide heuristics for spectrum assignment for differexit-f
ness criteria and evaluate them. In [4], Larckerl. present

e There areM usersmi, mas, ---, my; and n networks,
S1, Sa, + -+, Sy in the system.

The i*" user in the system has a minimum rate require-

an n player non-cooperative game theoretic approach for®
secondary user spectrum access. A utility function based
on the access delay and collision probability was proposed,'
and the existence and convergence to a Nash equilibrium.
was shown. In [5], Xinget al. presented the homo-egualis

game theoretic model for secondary user spectrum access in
which users were modeled to behave like a human society
to reduce the unfairness in spectrum access. In [7], Xing

mentr™® . _
The i** user in the system can pay a maximum price
max

max,
Network S; containsN, channels,fix, for, - - fnuks

. .. A y
available for transmissior” = >";' | Nj.
The usersm;. ma, ---, my; are all secondary users to
networksSi, So, -+, Sn.

al. presem?‘_j a Iearn'ng_aUtoma_t"_" based approach V_V_here US&[Rnceforth, throughput the paper, whenever we mentionréjisse mean
were classified as quality sensitive and price sensitivesusesecondary users” unless explicitly mentioned otherwise.



» Auser who is assigned channgl, in networkS, causes  Capacities of any edgee is of the form
hji, units of interference to a primary user in the network «! w2 «? wu? ]. From the system model described in

€

Sk. Section Il, the capacities of edges are obtained as follows:
« In any networkSy, a channelf;; can be assigned to atFor any edgee of the form (s,m;), vl = P™® and
most one user. u? = u? = u? = co. The first capacity parameter denotes the
« In any networkSj, the maximum tolerable interferencemaximum price the user can pay. For any edgén;, f;x),
to any primary user on channg)y, is €;y. ul = u? = v} = ul = oco. For edge(fjk, Sk), ul = oo,
« In any networksSy, the maximum possible rate of trans«? = ¢;x, ui = R3™, andu; = 1. The capacity parameter
mission on channefj;, is k™. us = 1 ensures that no two users in the same network use
the same channel. Finally, for the ed@®,,t) and the edge
[1l. NETWORK FLOW FORMULATION e = (t,s), ue = uf = u} = u¢ = oo. Each edge also has

a lower bound of the form[ Il 2 12 I} ]. From the

In this section, we present the network flow formulatiogy stem model described in Section II, for edges of the form
for assignment of users to networks. The network gra%h_ (s,my), 13 =rmin L =0, L=1,2, 4. Fore # (s, m;)
- 9 1)1 Ve — g 1 Ve T ) - ’ ’ . 9 1)

representation of a cognitive radio system is as shown in Fl% —0,L=123 4.
1. In Fig. 1, NOdem_it’hl SiS M rept;esents the"" user, Associated with each edgeis a cost vector of the form
node f;;, denotes thg** channel in thé:*" network and node . =[cl c2 ¢ ¢t For every directed edge —

S denotes thé:!" network. Nodess andt denote dummy R . .

source and sink nodes, respectively. (z,y) in the graph, ife = (y,z), thenCz = —C2, L =1, 2,

3, 4. For the edge: = (¢,5), CL <0, L =12, 3, 4.

Letoy, € [0, 1], be the the weight given to flow paramefer
L=1,23,4,and let};_, ¢ = 1. The network selection
problem for secondary users can then be the formulated as the
following optimization problem:

4
Minimize ZZd’LCeLfEeL (1)

L=1lecA

subject to

L <zl <ul VeeA L=1,2,34 )

and

Z P TLL - Z L wlvi = 0. Vi € N L =1,2,3,4. @A)
ji(i,j)€A T ji(G,)EA T

The above optimization problem is the multi-commodity
Fig. 1. A network graph representation of cognitive radistens. minimum cost flow problem [8] without the bundle constraints
The weight parametes; given to each flow parameter spec-
A directed edgds, m;) exists to all users. A directed edgdfies which, among factors like network price, signal stiéng
(mg, fjx) exists if userm; can use channgl;, i. e., userm; and QoS, needs to be given additional weight for a secondary
senses channgl;, to be available. A directed edd¢;;, S;) user to choose a network.
exists if and only ifl = k. Edges(Sk,t) existsV k. Finally, When a new user enters the system, it is of interest to check
there is a dummy directed edge franto s, which translates if the new user can be allocated to any network in the system.
the minimum cost flow problem to the max flow problem. The graph is then modified to include the new user and the
Along any edgee, the flow on the edge is represented aginimum cost flow problem is solved for the new graph which
[ #} 22 23 2! ]. 2! denotes the price parameter on théncludes the new user. The following Lemma and Theorem
edge,z? denotes the interference parametef,denotes the specify a sufficient condition for admitting new users.
rate of transmission, and? denotes usage of a particular Lemma 3.1 If a flow augmenting path from to ¢ includes
channel in a network. For edgesof the form (s,m;), the the newly added noden;, then there exists a channel and
flow termz! denotes the price paid by user;. For any edge network assignment to uset; which is feasible.
e of the form(m;, f;), 2 denotes the interference caused by  Proof: Let the flow augmenting path directed frosmto
userm; to a primary user in networl§;, using channelf;;, tbes — m; — f;x — Sk — t. Since the specified path is a
andx? denotes the rate at which uses transmits on channel flow augmenting path, is satisfies the constraints (2) and (3)
fjx in network S.. For any edge: of the form(f;, Sx), the The path also indicates that user; can use channef; in
flow term 22 denotes the total interference experienced byretwork S.. Hence assignment of channgl, in network .Sy,
primary user on channef; in network Sy, andz? = 0 if is a feasible assignment.
channelf;;, is not assigned to any user in netwafk and
r¥ =1 otherwise.

O



Theorem 3.1: A newly arriving secondary user; can be same amount on all edges on the cycle. Hentk can be
assigned a channel on a network and hence be admitted if abtained fromz” by a sequence of identifying negative cost
only if there exists a flow augmenting directed path freo  directed cycles and saturating at least one edge in each.cycl
t which includesm;. The flow z* — 2z can be looked upon as a feasible flow

Proof: The sufficiency part of the Theorem was alreadin the residual graphs, which can also be decomposed into a
shown in Lemma 3.1. Consider a new userthat has arrived sequence of negative cost directed cycles saturating at lea
but there is no flow augmenting path franto ¢ throughm,. one edge at a time. Since there & number of edges, the
This indicates that all paths fromto ¢ throughm,; have at flow z*/ — 2z~ can be decomposed into at mdg number
least one saturated edge. This implies that it is not passibl of negative cost directed cycles.
assign any of the available channels in any of the networks to
m;. This is because, such an assignment would result in an
increase in the flow parameters corresponding to edges of thdheorem 3.2: The maximum number of re-assignments for
form (ms, fjx) for some; and k, thus resulting in violation an L commodity multi-commodity flow problem iﬁL@J.
of constraints (2). Thereforen; cannot be admitted in the Proof: Let the number of negative cost directed cycles
system. Therefore, fam, to be admitted, a flow augmentingfor commodity/, 1 < [ < L, be «;. It is noted that for
path is essential. the problem under consideration, a negative cost directed

cycle can be of length 4 for an intra-network handoff and of
length 6 for an inter-network handoff. If the lengthds then

Users can be re-assigned channels in the same netwgyR number of edges in the cycle correspond to the current
(called intra-network handoff) or re-assigned to diffareat- channel in the current network for the user af@ number of
works (called inter-network handoff) depending on signa&dges correspond to the new channel and/or the new network.
strength, QoS and price. A uset; who is initially assigned Therefore, only half of a directed cycle can be saturated on
channelf;;, in network Sy, can be re-assigned to chanrfel,  each re-assignment. In other words, number of cycles can
in network S, (i. €., undergoes an intra-network handoff) oresult in | <] re-assignments. Hence the total number of re-
to channelf;.; in network Sy (i. e., undergoes an inter-assignments can at most @leL%J, which, from Lemma
network handoff). In the case of the intra-network handofg 2, yieIdsL[@J on simplification.
the re-assignment is equivalent to reducing the flows onsdge
of the form (m;, f;x) and(f;x, Sx), and increasing the flows
on edges of the forn{m;, f;x) and (fj, Sk). In the case From the algorithms specified in Chapter 9 in [8], the com-
of the inter-network handoff, the re-assignment is eqeival plexity of the multi-commodity flow problem can be shown
to reducing the flows on edges of the forfm;, f;x) and to beO ((M + N+ F)3log(M + N + F)).

(fjk,Sk), and increasing the flows on edges of the form

(mi, fjrw) @and(fj r, Sir). However, there could be multiple V. CONCLUSION

re-assignments. For example, consider a useusing channel  \We presented a network flow framework for allocation of
[k on networkS), and another usem,; using channelf;,  users to networks. We presented a bound on the number
in network S. If userm; is re-assigned some other channelf re-assignments and also presented a complexity analysis
[k in networkSy, then channef;;; also becomes availableof the proposed approach. Inclusion of transmission power
for use to usern;. This re-assignment results in the undirectegonstraints and convex non-linear objective functionsJos
paths —m; — fjx — Sk — fjrk —mi — fjr — S —t @long  are topics for further study.
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