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Abstract—Dynamic spectrum access is a promising technique In this paper, we consider the problem of distributed collab
to use spectrum efficiently. Without being restricted to any orative sharing where a group of wireless nodes agree t@shar
prefixed spectrum bands, nodes choose operating Spectrum 0N 4y ijaple spectrum and maximize a predefined system utility
demand. Such flexibility, however, makes efficient and fair . - . . .
spectrum access in large-scale networks a great challengerior This maps to scenarlgs where a single service prowderyleplg
work in this area focused on explicit coordination where nogs @ large number of wireless nodes and enforces collaboration
communicate with peers to modify local spectrum allocationand agreements among nodes. For example, future WiMAX and/or
may heavily stress the communication resource. In this pagewe  WiFi access points share spectrum to provide city-wide wire
introduce a distributed spectrum management architecturewvhere less coverage [1]. Equipped with cognitive radios, theseréu

nodes share spectrum resource fairly by making independent access points can utilize multiole non-consecutive chianne
actions following spectrum rules. We present five spectrumules pol utiliz uitip utiv

to regulate node behavior and maximize system faimess and concurrently to offer high-speed wireless access. Assgmin
spectrum utilization, and analyze the associated complelyi and nodes can sense and discover locally-available spectriam, w
overhead. We show analytically and experimentally that the reduce the problem of spectrum sharing into a constrained
proposed rule-based approach achieves similar performamcwith — opanne allocation problem. We seek distributed solutibas
the explicit coordination approach, while significantly reducing . . -
communication cost. efficiently and falrly c_i|str|bute spectrum channgls to node
such that any conflicting nodes are assigned with orthogonal
' channels. We model the requirement of fairness using the
proportional fairnesg20] based system utility.
In this context, prior work [6] proposed a distributed algo-
. INTRODUCTION rithm using explicit communication. In this approach, nede
Wireless innovation and deployment has been stifled Isglf-organize into coordination groups on-demand andsadju
the shortage of radio spectrum [13]. The shortage problespectrum allocation within each group to improve local sgst
comes from the current (and historical) spectrum managemaeitility. By regulating coordination procedures, this apgpch
policies that assign spectrum bands statically to wireless- converges quickly and produces spectrum allocations that
nologies in long-term licenses. While utilization of asgd closely approximate the optimal solution. However, this ap
spectrum can be as low as 5-10% [13], new technologiesproach also requires nodes to communicate and exchange coor
search of market availability such as WiFi are forced taz€il dination message frequently. Thegplicit coordinationmodel
unlicensed spectrum bands, resulting in crowded spectrueguires real-time reliable communication among nodeg;hvh
utilization and unpredictable performance from aggressivs not always available.
deployments [2]. In this work, we propose an alternative distributed, callab
The ideal and necessary solution to the artificial shortagative spectrum sharing approach with minimum coordimatio
problem is dynamic spectrum acces#n this new model, overhead. Instead of exchanging coordination messagdsesno
future wireless devices no longer operate on staticalligass actindependentipased on their local observation of spectrum
spectrum, but acquire spectrum on-demand. Using cognitiendition. Nodes coordinatenplicitly and regulate their ac-
radios [8], [15], devices opportunistically utilize undsgpec- tions by complying with a set of predefined rules [27]. In this
trum without disrupting operations of legacy spectrum omne case, while nodes act independently and tend to prioritigg t
e.g. TV broadcasts. Peers share locally available spectrumaen performance, their compliance with the rules promotes
maximize spectrum utilization. efficient and fair spectrum sharing. Compared to approaches
One key challenge in dynamic spectrum access networkih explicit coordination, this approach greatly sim@giim-
is how to maintain efficient spectrum sharing among peeggdementation and significantly reduces coordination oeach
While maximizing spectrum utilization is the primary goak This paper makes four contributions:
also need good sharing mechanisms to provide fairnesssacros First, we design five rules that regulate nodes’ spectrum

Index Terms—Cognitive radio, spectrum access, rule-based
distributed, poverty line, fairness.

wireless nodes. A node seizing spectrum without coordigati access to tradeoff fairness and utilization with communi-
with others can cause harmful interference to neighbors and cation costs and algorithm complexity.
hence reduce spectrum utilization. « Second, we prove analytically that a system under these

. , ) ) rules converges in finite iterations, and that each node has
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7 the same spectrum. In general, the optimal spectrum
allocation problem is known to be NP-hard [20]. In
this paper, we model the interference constraints using

A

Legacy user interfere with each other and can not use the same
Legacy user /3 v spectrum band while well-separated nodes can reuse
=

the widely-usedprotocol interference mode]11] and
represent interference constraints as a conflict graph. In
Section VIII, we also discuss practical considerations on
Acces§ how to improve this model for more realistic characteri-
points with zation of interference.
cognitive « Fast system convergencelo support dynamic spectrum

radios access, nodes need to exercise an efficient allocation

Fig. 1. Anillustrative scenario of distributed spectrunashg. Access points algorlthm to allocate resource in real-time, with Only

identify locally available channels that will not disrupetoperations of legacy local view of the network. In a distributed approach

spectrum owners such as TV broadcasts. They also share dvagable where nodes independently adjust their spectrum usage,

spectrum with peers, and access spectrum to connect thescrifoers. the system must converge quickly and maintain stability.
rules and discuss practical issues. B. Related Work on Spectrum Allocation

« Finally, we use extensive simulations to quantify the there are multiple complementary approaches to allocate
!mp"’_‘c_t of rules_o_n spec_trum access, Wh'le_ Comparlré‘?)ectrum, each designed for different scenarios. These in-
'mP'_'C't and explicit coqrdmanon approa(_:hes In terms %jude centralized allocation [23], [20], distributed gatheory
efficiency and co_mple>§|ty. We also examine the impact (Hriven sharing [17], [19], [24] and distributed collabavat
network topologies using both synthetic and real traceEharing 6], [27].

The rest of the paper is organized as follows. We begin|n the centralized approach, a central server collectsorétw

in Section II with background on spectrum allocation angformation and allocates channels to nodes to maximize a
existing solutions. In Section Il we describe the spectruiyedefined system utility. The work in [4], [10], [21] propes
allocation problem. Next in Section IV, we present the rulghe use of central spectrum server model, and developed sev-
based spectrum allocation system and develop differemt spgra| heuristics based centralized approximations for édiin
trum rules. We evaluate the system performance and comimber of users. The work in [20], [28] shows that the
plexity analytically in Section V. We then provide detailecheyristic based centralized algorithms perform similéolyhe
implementations of the proposed rules in Section VI. Next igiobal optimum. While well-suited for small-scale netwsrk

Section VII, we conduct experiments to evaluate the progosgis approach suffers from lack of scalability for largesc
coordination based approaches. We discuss practicaksissuenetworks.

Vil and conclude in Section IX. In the game-theory driven approach, nodes compete to max-
imize self benefitsg.g. competing wireless service providers
Il. BACKGROUND AND RELATED WORK access spectrum to maximize their service quality or rev-

In this section we introduce dynamic spectrum access sgue [10], [8], [18], [19], [21]. In this case, nodes act agai
tems, its key challenges and existing work. Figure 1 ilaists each other to maximize their own utility. These distributed
a motivating scenario where a number of WiMAX/WiFi accesdPProaches are well-suited for scenarios where nodes are
points share spectrum to connect their subscribers. Th&§&ish and compete with each other.
access points, hereby referred to as nodes, are equipped witin the distributed collaborative sharing, nodes collat®ra
cognitive radios. They sense spectrum to identify usabdameh t0 maximize a predefined system utility. Our prior work [6]
nels without affecting operations of legacy spectrum yseiyoposes a distributed collaborative approach using expli
such as TV broadcasts. For a given set of available channéRordination and communication. In this case, nodes self-
the spectrum allocation problem is to allocate channels @Janize coordination groups, exchange control messages,
access points so that conflicting access points are assiggtermine the optimal spectrum allocation in each group to
with different channels. The optimal allocation maximizes Mmaximize the system utility. This approach is well-suited f

predefined system utilitye.g. proportional fairness or total Scenarios where nodes are controlled by a single entity who
spectrum utilization. can enforce a cooperation agreement among all the nodes [14]

[22].

A. Challenges In this paper, we focus on d.istributed coIIaborat.iv.e ap-
' proaches. However, our work differs from the explicit co-
Solving the problem of spectrum allocation faces the foprdination approach [6] because it does not require nodes

lowing key challenges: to communicate directly and negotiate spectrum allocation
o NP-hard optimization under non-linear interference Instead, nodes coordinate implicitly — they adjust selfrcha

constraints: The optimization problem is subject to anel usage independently based on rules. By regulating node
set of interference constraints. Nodes in close proximityehaviors using predefined rules, we show that this implicit



approach performs closely to that of the explicit approach. Channel availability — Let L = {lnnllmn €
while significantly reducing coordination overhead. {0,1}}mxn, @ M by N binary matrix, represent the
channel availability:

1, channelm available at node,

[1l. SPECTRUMALLOCATION PROBLEM
l = .
mn { 0, channeln occupied by a legacy user

In this section, we describe the problem of spectrum alloca-
tion using the scenario of WIMAX/WLAN access points. We

start with notations and assumptions of the network model, L€t L(n) = Z?nfzol Im.n represent the total number of
then define the channel allocation problem. channels available at node
o Interference constraint — Let C = {c,ilcnr €
{0,1}}nyxn, @ N by N binary matrix, represent the
A. Assumptions interference constraints among nodes:

As showr_1 in F_igure 1, we assume a networkanode_s 1, noden andk conflict with each other
(access points) mdexed_from to_N — 1, each accessing Cn,k { 0, noden andk can reuse the same channel
spectrum to connect their subscribers, whose traffic is back
logged. We assume that the spectrum is divided mtaon- Define the “neighbor” of node: as any nodek with
overlapping orthogonal channels indexetb M —1. Equipped ¢k =1, andd(n) = Y p o cai as the total number of

with cognitive radios, each node can communicate through conflicting neighbors ofa.

multiple non-consecutive channels. We assume that eadh nods Conflict-free channel assignment — Let A =
transmits using a predefined combination of radio parameter  {a,, ,|am » € {0,1}}mxn, @ M by N binary matrix,
(e.g. power and modulation), and focus on achieve conflict- represent a spectrum allocation:

free spectrum allocation by assigning conflicting nodes wit

orthogonal channels M { 1, channglm is assigned to node
We assume nodes can reliably identify nearby legacy spec- 0, otherwise
trum owners, and opportunistically utilize locally unusgc- In addition, A satisfies all the constraints defined By

trum. In our model, each node observes a set of available hat s,
channels (defined by a channel availability matrix) that it
can use without disrupting the operations of legacy spettru Ao Gm =0, if cpp =1, Vnk<N,m<M. (1)
owners.
We assume nodes can reliably identify conflicting peers us- o
ing interference detection techniques [22], [14]. We maHel C. The Optimization Problem
interference among nodes using the commonly-used protocoThe problem of spectrum allocation is modeled by the
model [11]. It models the interference condition as a pasew following constrained optimization problem:
binary matrix — any two nodes either conflict and can not
use the same channel simultaneously, or they do not conflict A" = argmax U(A), (2)
and can reuse the same channel. While this is a simplified A
abstraction of the complex interference conditions, irctice,
it makes the optimization problem tractable. In SeCtiOI’ﬂV”U(_) represents the system utility function. In this paper, we
we discuss extensions to more complex interference modefscus on the scenario where APs belong to a single entity
Finally, we address the spectrum allocation problem froBuch as an enterprise [14], [22]. The spectrum allocation
a MAC layer perspective. Because nodes (access points) igréhot driven by monetary gain but system-wide fairness.
static, we assume a pseudo-static interference environm@g use proportional fairness[16], [20], which is regarded

without considering the impact of fast-scale channel fgdinas a compromise between max-min fairness and maximum
In addition, we assume channels are homogeneaushey throughput scheduling [12]:

offer the same bandwidth and have similar interference-char Vo1 Vo1 it

acteristics. This assumption is well-suited for scenanibsre - - —
(A) = Z log Ra(n) = Z log Z o, Lo

n=0 n=0 m=0

subject to Interference constraints defined by (1).

nodes share a set of channels within the same carrier. %f“"”e”
the following, we assume that the channels offer an average ©)
bandwidth of 1, and the interference condition is uniforrrWhereRA(n) — ng:_ol Gm.n - lm.n. rEpresents the throughput

across all the channels. In Section VIII we also discusfat noden gets under assignment
extensions to scenarios with heterogeneous channels. Because of the interference constraint and the non-linear
optimization function, this optimization problem is knowm
B. System Model bg NP—hard [20]. In this paper, we focus_ on heuri_stic based
) ) ) distributed solutions. In the following section, we dissuke
We introduce the following notations to model the SySte“'ﬂJroposed rule-regulated spectrum allocation approactravhe
- _ , nodes adjust their spectrum usafjeo maximize the system
While the proposed approach can be integrated with otheanpeter-

tuning techniques such as power control, we will defer thig@stigation to a Ut”'t_y UfaimesS while SUb]eCt'ng to the interference con-
later study. straints.



ﬁ this paper, we propose to use this measure as the basis of
spectrum rules.
Next, we propose five different rules that tradeoff between
performance and signaling complexity for different apglion
scenarios.

No action

B. Rules for Conflict Free Channel Assignment

Spectrum

Spectrum
Rules
. Decision We begin by descrit_)ing rules that lead to _conflict free
. e AL ST spectrum usage. Conflict free channel usage is one of the
scheduling methods that allow for explicit and guaranteed

throughput provisioning and control over packet delay. In
Fig. 2. The proposed rule-regulated spectrum allocatimehEode observes this case, nodes always select idle channets, channels
spectrum usage status and identifies whether to adjustrspecsage. If so, ynclaimed by conflicting peers. To provide fairness, thesul

they adjust based on a predefined spectrum rule. .
y ad) P P limit the number of channels each node can access.

Rule A (Uniform Idle Preference): Each node adjusts its
IV. RULE-REGULATED SPECTRUMSHARING spectrum usage t@ = min,, PL(n) number of idle channels.

» Service providers can optimize the valuefdfor the entire
In the proposed system, nodes observe local conditions andyork. However, nodes experiencing intensive interfeee

neighbors’ _actions _an_d independently adapt their spectrymgm legacy nodes (small(n)) or other peers in a crowded
usage. Their behavior is regulated by a set of rules defined by, o (largei(n)) can limit the the value of?, leading to less

spectrum regulators. In contrast to the explicit coordaveap-  han jgeal spectrum utilization. Therefore, adaptingp each
proach [6], nodes tend to prioritize their own performan@@w pqqe's interference condition is preferred. Next we prepos

minimal regard to system utility. However, their complianc, | ie which gives each node exactly PL(n) number of
with the rules promotes efficient and fair spectrum shaning. .annels.

the following, we start by describing the high-level contcep
and then discuss the detailed rule design.

Rule B (Poverty Exact Idle Preference) A noden selects
exactly PL(n) = L%J idle channels. If the number of
idle channels< PL(n), it “seizes” channels from “richer”

A. System Overview nodes without affecting “poor” nodes. A node conflictinghwit

Figure 2 illustrates the operation at each node to seléttPoOr” node will sense the conflict and give up the channel
channels. Each node performs spectrum sensing to identify2nd switch to other channels following the same procedure.
its spectrum usagé,e. Ra(n). Using spectrum rules, each 10 7 @ neighbor is “richer” if it uses more channels
node checks whether it needs to update its channel selectig@n 7 otherwise it is “poor”. Rule B requires that each
If an update is required, nodes rely on rules to determine tjgde has knowledge of the number of neighbdfs), and
appropriate channels to use. the channel selection of each neighbor in order to identify

The key challenge in this design is how to define the spedicher” nodes. To “grab” non-idle channels, a nodenarks
trum rules. The rules specify how many and which channél® char_mels occupied by “poor” neighbors as busy, and the
a node should use, such that fairness and utilization can rﬁ t as idle. node: then selects a set of channels from the

achieved. The estimation should not be overly aggresside affic” channels until its channel occupancy reacties(n).
bring excessive contention, or overly conservative andlres' N€ €fficiency of grabbing depends on the set of channels

in spectrum under-utilization. Further, in a distributggtem, Selected. In Section VI, we present the detailed procedure.

each node can only act based on limited local view of the” limitation of Rule B is that each node only attempts
system. to use PL(n) channels. SincePL(n) represents a lower
We design rules based on the observation from the collal%zund on spectrum usage derived using a collaboration based

rative spectrum sharing system with explicit coordinatiéh aﬁpro?ch [61, Rgle_B COUlq under-(tjjtlllzle a%/allable spauiru h
In this prior work, we have shown that when the system co;{- erelore, we devise an improved rule that guarantees the
verty line for each node while letting some nodes go beyond

verges, the number of channels a node obtains is Iow—bouncf%?i . i
This lower bound, defined as “poverty line,” represents gfaeir poverty fines.

minimum amount of spectrum a node is entitled to. If a nodgyle C (Poverty Guided Idle Preference) A noden selects
n hasL(n) available channels ant{n) conflicting neighbors, channels from idle channels. Only if there are not enougs idl

its poverty line is channels to reactPL(n) does node: “grab” channels from
L(n) “richer” neighbors. The number of channels it can grab from
PL(n) = {WJ : any “richer” node r, is max{0, min{C(r) — PL(n), PL(n) —

C(n)}} whereC(n) andC(r) are the current spectrum usage
Results in [6] also show that the poverty line is very tighpf noden andr.

making it a relatively accurate estimation of the number of Rule C allows nodes who have attained their poverty line
channels a node should get in order to maximize fairness.ttnseize additional idle channels. It still allows nodesolel



their poverty line to take channels from “richer” neighhors Both rules encourage nodes to act selfishly. Nodes monitor
However, each grabbing can not reduce a “richer” nodethannel conditions and switch to channels that provide #s¢ b
spectrum below the grabber’s poverty line, avoiding cydgs throughput, even if such a switch might reduce performance
nodes grabbing channels from each other in turn. In padiculfor other neighbors. One question is how to choose the best
a noden can collect all the channels used by its “richerthannels with maximum capacity and minimum contention.
neighbors but not “poor” neighbors into a channel pookor the purpose of illustration, we use the number of compet-
reserveP L(n) channels for each “richer” neighbor and “grab’ing nodes as an indicator of channel quality. Hence, folhgwi
from the rest of the pool. Similarly, the channel selectioRule D or E, nodes always switch to channels with the
procedure impacts the efficiency of the grabbing, which bell least number of competing nodes. This also makes both rules
described in Section VI. We note that Rule C does not requiefficient.
each node to have knowledge of its neighbors’ poverty line.

We note that the performance of conflict free channel
assignments such as Rules B and C depends on the granularity ) _ _
of spectrum partitionj.e. the number of channeld/. When In this section, we derive analytical bounds on the perfor-
M is small compared to the number of neighbats:), Mance and complexity of the proposed rules.
some nodes may have a poverty line of zero, and hence no
performance guarantee. In this case, the system can iBCregS conflict-Free Rules
granularity by partitioning timee.g.a channel is defined as a
frequency band at a particular time slot.

V. ANALYTICAL BOUNDS

First, it is straightforward to show that Rule A provides a
conflict-free spectrum allocation.
C. Rules for Contention-based Channel Assignment Theorem 1 Rule A guarantees a conflict free spectrum allo-
ﬁgion. (Proof in appendix A).

Broadcasting spectrum usage to neighbors might be unde§ . .
gsp g g ¢ Next, we illustrate the performance and complexity bounds

able for a number of reasons, including privacy concerns an Rules B and C. A ) iahb dify thei
protection against jamming from malicious nodes. For the§L Rules B and C. Assuming no two neighbors mo ify their

reasons, we now describe several rules that do not reqlﬁpee.qru.m/channel usage smultaneou;ly, the system .\fml.”e
knowledge of neighbors’ spectrum usage. equilibrium after a finite number of iterations. Equilibmu

In this approach, on each channel, nodes follow a gétthe state where nodes have no incentive to adjust their

of random access rules such as CSMA to compete faiﬁpectrum usage.

for channel access and avoid conflict. Each node perforhigeorem 2 Using Rule B or C, the system reaches an

contention detection.e. listens to the channel before initiatingequilibrium after an expected number of at m65tV?) node

any transmission. It initiates the transmission only whiea t spectrum modifications. In equilibrium, there is no confiict

channel is idle for some given time. Otherwise, it backs offpectrum usage, and each node’s spectrum usage is no less

and delays the action for a short period. Because chanriéign its Poverty LinePL(n) (equal to PL(n) for Rule B).

have different contention conditions, nodes should invoKeroof in appendix B).

independent contention detection and backoff process cim ea

channel. 'I_'he penalt_y of such random access is the Overh%"f‘d(:ontention-based Rules

of contention detection even if there is only one node on the

channel. Theorem 3 Using Rule D or E, the system will reach an
The rules specify the number of channels nodes should gilibrium after at most\ x A/ node spectrum modifications.

and how to select these channels. We propose the followifigs bounded byO(N?). (Proof in appendix C).

two rules depending on whether nodes have information about'he choice of’ anda depends on specific random access
their poverty line. mechanisms. To analyze their impact, we use a simple model

Rule D (Selfish Spectrum Contention) Each noden can to characterize channel sharing. A node contending with
- . other nodes on a channel gét§\ - (m + 1)) of the channel
use up to the¥ channels providing the highest throughput . i .
. : - throughput, where\ is the contention penalty. We refer to this
Communication on each channel is through CSMA based time .
contention model as thé\, m) model. When\ = 1.8, this model matches
' the experimental test and analytical results for CSMA-tase
We note that the poverty line concept can provide a refegEg 802.11b systems at 11Mbps in [9].
erence for choosing different value &f for different nodes.  we show that Rule D guarantees a lower bound on node
SinC(_a the poverty line represents throughput attainalden fr throughput whenL(n)| = M (See Theorem 4). The bound
conflict free spectrum usag#,, should be larger tha’L(n) s only tight when¥ = M, however, and cannot be used to

to account for channel contention. Note that in the randogrive the optimal value oft. Theoretical analysis of Rules
access scenarid?’L(n) can still be computed using only thep and E is ongoing work.

number of neighbors, which can be estimated by listening to

MAC control packets. Theorem 4 Using Rule D and(X,m) model, a node
Rule E (Poverty Guided Selfish Spectrum Contentiorn)This ns }hrougkz?puti 'Sl)_ Iower-tljpounded ?{LB(ZJ’ ) MT
rule is the same as Rule D except the number of channels eagh®® |+1}° APV EEC OIS < < ’

noden can use is limited by, = max(a- PL(n),1),a > 1. xpgmy=13 (I = M). (Proof in appendix D)



TABLE |
REQUIREDINFORMATION TO EXECUTE THE RULES

TABLE Il

CHARACTERIZATION OF CHANNELS

channel | No. neighbors| each neighbor's| channel Set Name Definition (Rule B) | Definition (Rule C)
idle/busy dn, channel usage| utilization R Reserved | Channels occupied channels occupied by
Rule A v by poor neighbors| poor neighbors of: and
Rule B v v v of n the PL(n) smallest-
Rule C v Ve v ID channels of each
Rule D v V4 “richer” neighbor ofn
Rule E V4 V4 7 O | Conflicting | Channels occupied by neighbors of but
not in setRk
1 Idle Channels not occupied by any neighbor of
n
VI. RULE IMPLEMENTATIONS

In this section, we provide implementation details on hoWIgorithm 1 Rule C for noden

each node applies the proposed rules to select channelesNod Begin
execute these procedures after detecting a conflict or that i2: r — Empty
actual usage is less than its poverty line. Table | summarize3: O — Empty

the information required at each node to execute each of th;fa

five rules. They provide an intuitive measure of each rule’ss:

required communication complexity. gf
A. Implementing Rule B and C 12::

We start with Rule B and C that lead to conflict free channéf:
assignment. Implementation of Rule B and C requires t

I — Empty
N «— Empty {New channel occupatign
P — PL(n) {Number of remaining channels to fill
{Phase 1: Compute sef, O, andI}
for every neighbom’ do
if |C(n)| < PL(n) then
R— RUCH)
else
R — RU (the upper PL(n) channels inC'(n’))
O « OU (the rest of the channels i@'(n'))

following two mechanisms: 14:  end if
; ; 15: end for
o Neighbor Spectrum Usage Discovery. 16: 0 — O\ R

Rule B and C require knowledge of neighbors’ spec;7:
trum usage. In particular, nodes (especially those belotg:
their poverty line) need to know the set of channel 9:
each neighbor currently occupies. This can be done by:-

each node broadcasting their channel usage embed@éd
in beacon broadcasts [26]. These broadcasts are simggé

to implement, and their corresponding overhead is mu
smaller compared to that of explicit coordination base#é:
oo - 2T

approaches [6], [20]. An alternative is to use a sophlstg-s_
cated spectrum analyzer. 29:

o Isolated Adjustment. 30:
Rule B and C assume no simultaneous spectrum adjust:

I «— channels not inR nor O
{Phase 2: Sequential channel occupation
N — 1

0 P<—P—|I|

if P > 0 then
if P <|OnNC(n)| then
N «— N U (P channels in(O N C(n)))
else
N —NuONnC(n))
P—P—-|ONnC(n)|
N — N U (P channels in(O \ C(n)))
end if
end if
Give upC(n) \ N; Occupy N \ C(n)
End

ments by neighboring nodes. Since nodes can indepen-
dently update their spectrum usage, a conflict occurs if
two neighbors simultaneously switch to the same idle
channel. Therefore, after a node decides to switch to a
new channel, it computes a short random wait time before
starting a transmission. If it detects activity on the ctelnn
during the wait time, it marks the channel as busy, and
cancels the channel switch. *

Using the conflict discovery module, each nodeerivesd(n),
L(n) and poverty linePL(n). If n’s channel usage fells below
PL(n) or upon observing a conflict, it adjusts spectrum usage
in two phases.

« Phase I: Channel Classification.
In this phase, node: classifies its available channels
into three disjoint setsreservedset R, conflicting set
O, and idle set I, defined in Table Il. The reserved
channel set includes all the channels that are not eligible
for n, preventingn from grabbing channels from “poor”
neighbors or over-grabbing from “richer” neighbors. The
conflicting set and idle set identify all the channels
eligible forn to grab. The channels in the idle set have the
highest priority since the corresponding “grabbing” does

not disturb any neighbor. It should be noted that before
spectrum modification, the nodes channel usag€’(n)

may intersect withR, O, andI; the cardinality ofC(n)
could be below or abov®L(n).

Phase Il: Channel Selection.

In this phase, node selects channels to use from séts
andO. It always starts from the sdtto avoid disturbing
neighbors. Only if|I| < PL(n) will it select from

the conflicting setO. When selecting channels from a
channel setf or O), noden should select from its current
channel occupation with higher priority, reducing distur-
bance to neighbors and avoiding meaningless channel
usage modifications. For Rule B, the node sequentially
choosesPL(n) channels from set§ N C(n), I\ C(n),

O N C(n), andO \ C(n). For Rule C, the node seizes
all channels inl, and if it hasn’t reached®L(n), then it
sequentially chooses its channel usage from C(n),
andO\C(n). During the channel selection, a node always
starts from the smallest channel IDs in a channel set. We
list the detailed procedure in Algorithms 1 and 2.



Alg

orithm 2 Rule B for noden

We compare the proposed approach to those using explicit

1: Begin coordination and centralized optimization.
2. R «— Empty, O «— Empty, I — Empty
3: N «— Empty {New channel occupatign
4: P — PL(n) {Number of remaining channels to fill :
5: {Phase 1: Compute sef3, O, and/} A. Experiment Setup
&: for every,nelgthIn’ do We assume a network of many WiFi and WiIMAX access
g; f ‘gf_" 3;'55(];@(/?) then points. We assume each AP serves a large number of sub-
9: else scribers and have backlogged traffic. We use a simple binary
10: O —=0ucC(n) interference model to construct the conflict graph — two sode
o en?:lnf%rlf conflict if they are within distance ob. By default, we set
13: O — O\ R D to 100m. We use this assumption to simplify the conflict
\ : _ PR it
1‘515 {P: Chagngls not lan ”EFO | " graph construction. However, it will not limit the scope of
. ase <. sequential channel occupation . . .
16: if P < |11 C(n)| then the proposed rule design. To examine the impact of r_1etwork
17: N « N U (P channels in(I N C(n))) topology, we use both randomly generated topologies and
igi | Goto 43 measured AP deployment traces to validate our results.
. else 3
20 N — NU(INC(n) o Random networkWe place nodes randomly in an area.
2L P —P—[INC(n) o Clustered networkWe simulate a hotspot scenario by
gé; ﬁ”}‘i 'f< 1\ O(n)| then deploying a set of nodes densely in a small area of the
24: N — NU (P channels i1\ C(n))) random network. We use this topology to examine the
25 Goto 43 impact of conflict degree on the rule performance.
gs: e'sﬁh N U\ Om) « Real network traceWe extract a set of actual AP
8 P p_ 11\ C(n)] deployments using data traces collected by Placelab.
ggi _f;nd if one . (http://www.placelab.org/).
Cif R < N t .
31: ' N;‘NU (}S"ZLani’;s in(0 N C(n))) We simulate both small and large networks. We use small
32:  Goto 43 networks to compare the performance of implicit coordiorati
gif e'sjf“_ NU(©nCm) to that of centralized optimization. We use large networks
3B P—P— |ONC(n)| to compare the performance of implicit coordination to that
36: end if ) of explicit coordination. The real network trace contai@®?2
37: N «— N U (P channels in(O \ C(n ;
38 Give upC(n) \ N: Oceupy N\ C(n) nodes located in a 200m x 2000_m area. Hence, we cpnstruct
) random and clustered network in the same area with 200
39: End .
nodes. For small networks, we deploy 20-40 nodes in an area
of 1000mx1000m, who contend for 20 channels. We compare
. the performance of Rule A, B, C, D and E based implicit
B. Implementing Rule D and E

coordination schemes to that of explicit coordination [6]

Essential to Rule D and E is the metric to determin@gnarked as CA-EC) and centralized assignment [20], [28]
the “best” channels. In Section V, we use the number ¢farked as CA) schemes.

competing nodes as the channel quality indicator, assumingMe design rules to maximizéairness utility, defined by
each node’s traffic is backlogged. This metric can be iiEq. (3). We evaluate the rule performance using both fairnes
accurate since in practice, nodes carry different and timaad spectrum utilizatich For randomly generated topologies,
varying traffic load. Using IEEE 802.11 CSMA/CA deviceswe run the experiments over 500 topologies. For Rule C, D
we propose to use busy time ratio (BTR) as the chanreld E, the system has multiple equilibriums with different
quality indicator [25]. Each node constantly monitors thspectrum usage. We record the average performance over many
available channels, and records the percentage of chargmlilibriums. By default, we assume= 1.8 for Rule D and
being busy and computes BTR. This new metric accounts fiarand set duty cycle to 1. By default, we assume no primary
impact of node contentions, traffic heterogeneity, trassioh nodes.

failures and retransmissions. Nodes in close proximity can

perform collaborative sensing to reduce complexity andgne B. Comparing Different Rules

consumption associated with channel monitoring/sensdby [ We start by examining the effectiveness of poverty line gdid
This allows each node to obtain status of entire channel grisign by comparing Rules A to B, C, and D to E. We assume
by monitoring only a small fraction of the set. To avoidy random network topology.

simultaneous channel adjustment at neighboring node$, egg,1c A vs. B vs. C Figure 3 compares system utilities

node applies a random wait scheme described earlier befgra, rile A B and C. Clearly, Rule B and C significantly
starting transmission on the new channels. outperform Rule A. As the number of nodes per area increases,
the system using Rule A is limited by the node with the worst

VIl. EXPERIMENTAL RESULTS conflict condition and the lowest poverty line. On the other

In t_his section, we conduct eXperimental simulations t027he spectrum utilization is the sum of total node throughput
quantify the performance of the rule based spectrum access ' Ra(n).
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hand, Rule B and C use local poverty line and adapt gracefully
to the node density. Rule C outperforms Rule B by allowing
some nodes to obtain more spectrum than their poverty line.

Rule D vs. E  Figure 4 compares the performance of Rule
D and E using two system utilities averaged over 500 random 0 02 — ?;sairness<Y) ors 1
topologies under different and o values. We see that Rule
D is very sensitive toy — Small~ leads to under-utilization of
spectrum while largey (aggressive spectrum usage) results ifg. 6. Comparison of centralized (CA), explicit coordination (CA
excessive interference. On the other hand, Rule E is relgtivEC), Rule B, C and E in term of system utilization and fairnest-
insensitive toa. Using o > 1.5, Rule E always outperforms ties, plotted as the cumulative distributive function ob36pologies.

. . . We assume 20 channels shared by 40 access points.

Rule D. Hence, in the following, we will usee = 1.8 as

the default setting of Rule E. We leave the derivation of the

optimal o to a future study. of adjustments as the explicit coordination approach.
Complexity  In Figure 5, we measure the complexity of

different algorithms in terms of the total number of speatru
adjustments before the system reaches an equilibrium. @/e
a small network with 20 channels and 40 nodes. Comparedn Figure 6 we compare Rule B, C and E to CA and
to the explicit coordination approach, Rule C provides mokA-EC, using small random networks. As a reference, we
than 60% reduction in complexity, and thus much fastalso include the performance of centralized assignmeratss th
adaptation to topology changes. Rule E offers similar numbmaximize utilization based utility. Similarly, there is atite-

(b) Fairness

Gs Comparing to Explicit Coordination



able performance gap between rules and CA, CA-EC. This 40 v e —
is as predicted because centralized optimization or Hisid 35| Clustered -------

explicit coordination can improve system performance at th w0l Placelab -

cost of higher complexity. However, we see that the proposed ‘

simple, implicit coordination leads to a graceful degraatat 25 :

in both utilization and fairness. > 20+
In Figure 5, we also compare the complexity of different 15 L

approaches. For the collaboration based approaches (CA and |
CA-EC), a 4-way handshaking is required for each spectrum e
adjustment, so that the message overhead is 4 times the numbe | e
of adjustments. For Rule C, each node broadcasts its spectru 0 F—
to neighbors after the adjustment, resulting in oree me 0 01 0203 04 05 06 07 08 08 1
usage _g J L 9 Prob (complexity of CA-EC/ RuleC) >Y
sage per adjustment. In terms of coordination overheaa, Qul
leads to 240% reduction compared to the explicit coordamati Fig. 13.  The number of spectrum adjustments at each node @k
approach. Because of its minor degradation in systemwtil C divided by those using Rule C, for (left) random, (centdustered and
L . . . . ight) Placelab networks, plotted as the cumulative itistive function over
and significant reduction in complexity, Rule C is a goo&yg podes.
low-complexity alternative to collaboration based apjpfues.
For Rule E, if each node can measure channel utilization

effectivel_y, no message exchange is .required. Given -its !%sed utility function. However, we confirm both explicitdan
communication requirements, Rule E is a low-communicatigmplicit coordination schemes always guarantee povertg li
alternative. for all the nodes.

D. Impact of Network Topology System Utility.  Figure 11 compares the system fairness util-

Next, we examine the impact of network topology on noddy of Rule C and CA-EC for random, clustered_ and_ measured
spectrum assignments, system utility and complexity. féigu networks with 200 nodes. We vary the conflict distange

illustrates three sample topologies corresponding teelaggle from 20 to 200 meters. Without any explicit communication,
random. clustered and measured networks. rule C leads to a minor degradation compared to CA-EC.

N . : The difference increases with the conflict distance. Hence,
ode Spectrum Assignment. Figure 8 plots the number ST L .
of channels assigned to each node using Rule C. We obsetpvee pr_oposed_ 'mP“CIt coordination is a _good alterativefte t
, g . . explicit coordination approach under mild node deployreent
that a noden’s spectrum usage is inversely proportional to itS
conflict degreei(n), as predicted by the poverty line. Complexity. ~ Figure 12 plots the number of spectrum
To further investigate this dependency, we plot in Figure &ljustments at each node for the system to reach an equi-
the amount of spectrum assigned at each node divided [Bfium, versus the conflict degree. Since our scheme always
its poverty line, as a function of the conflict degrégn). starts from an empty assignment, each node needs at least
Clearly, there are two types of nodes: one has assignme®¢ adjustments. We see that most nodes need only 2-3
very close to their poverty line, and another has assignsneggljustments, although there are 100 channels.
much higher than the poverty line. nodes of the first type in Next, in Figure 13 we examine the number of spectrum
general have clique-like local conflict graph. They are feda adjustments required by CA-EC divided by those required
in dense areas where neighbors all conflict with each othby. Rule C. We see that Rule C can reduce coordination
In this case, the poverty line is very tight. On the other handomplexity by 4-10 times. We note that the complexity of
nodes of the second type has star-like local conflict topglodCA-EC scales with the number of channels. Overall, we see
and their poverty line becomes loose. that Rule C is highly favorable for networks with large numbe
Figure 10 shows the cumulative distribution function off channels.
the assignment using Rule C divided by its poverty line
(RuleC/PL) for all three types of topologies. We see that
almosF 70% of r_10des obtain spectrum assignment sinji\g_r Impact of Primary/Legacy Devices
to their poverty line. Overall, we see that the poverty line
provides a fairly reasonable estimation of node spectrumWe now examine spectrum usage in the presence of pri-
assignment and it is critical to incorporate poverty lingoin mary/legacy devices who own the spectrum. We randomly
rule design. deploy a set of primary devices in the network, each occupyin
Figure 10 also compares the performance of Rule C basate channel. Each node obtains its spectrum availability an
implicit coordination scheme to CA-EC. We examine the cuellows the rules to select channels. In Figure 14, we mea-
mulative distribution function of the assignment usingletp sure the fairness and utilization of allocations deriveairfr
coordination divided by the one using Rule C (CA-EC/RuleCRules C and E and the explicit coordination approach (CA-
All three topologies show that there are noticeable gapsdt i EC). The utilities are averaged over 100 randomly deployed
vidual node’s spectrum assignment. We notice that somesnogeimary nodes. We see that as primary devices increase their
get less spectrum assignments using explicit coordinafibis  spectrum usage, the performance of both explicit and intplic
is because such assignments improve the proportional fe@ordination approaches degrade gracefully.
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VIIl. DISCUSSION nism has been shown to help refine the interference map.

=xtending to complex interference characterizations. In
our network model and problem definition. t s paper, we use a binary ’.“at”x tp model .the _pair-wise
o o ) interference among access points. This model is widely used
Ideqtlfylng channel availability and mtgrference CON- i existing works (e.g. [11], [14], [20]). We note that more
straint.  The proposed spectrum allocation system requirgs,jistic models are based on aggregated SNR measurements,
nodes (access points) to keep track of the channel avéiabileterred to as the physical model [11]. However, under this
matrix L and the interference constraifil. We list three 1,46 the corresponding channel allocation problem besome
complementary mechanisms to obtain this information.  gjgnificantly complex, and there are no existing analytical
« Access points perform spectrum measurements to deteounds on individual node’s spectrum usage. We are cuyrentl
minelL andC, using techniques like spectrum sensing [5]nvestigating spectrum allocation schemes under this ¢@mp
[7] and RSSI measurement-based probing [22]. interference model, from which we seek to derive analytical
« Access points can broadcast “hello” beacons [26] periodeunds on node’s spectrum usage and devise spectrum rules
ically and help peers construct the interference matrix.accordingly.
« Clients associated with APs can assist the interferenceFinally, in this paper, we assume interference conditions
detection by sensing radio signals and provide feedbaaie homogeneous across channels. Our model is a reason-
on findings of interfering access points [14]. This mechable abstraction of the scenario where channels are divided

In this section, we discuss practical issues associatdd
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from a single band pool and have frequencies close to each IX. CONCLUSION

other. When interference conditions are heterogeneowsscr distributed h
channels, we can use an aggregated measure of interferencie Propose a distributed spectrum management scheme

across channels to define the interference constraint goigl ap'Sing implicit coordination. Nodes adjust spectrum usage
the proposed solutioni,e. any two nodes conflict if they independently while complying with spectrum rules, legdin

conflict on at lease one channel. However, this reductiGipnificantly less communication and computational ovadhe
is overly conservative and can degrade spectrum utilizatio

We propose five rules that tradeoff performance with imple-
An alternative is to make the interference constraint cennMentation and communication complexity. We show that rules
dependenti.e. ¢, 5. Our prior work in [20] has developed guided by a lower bound on nodes’ spectrum usage (poverty

centralized approaches to optimize spectrum allocationgu IN€) Provide superior performance. Experimental resstitsw

these channel-dependent constraints. We are currenm:s-in\;h"j‘t _rule-based approaches p_erform slightly worse than the
tigating analytical bounds on individual node spectrumgasaPreviously proposed collaborative approaches, but havehmu

and applying these bounds to design rules for the propod8§€r complexity and communication overhead.

distributed implicit coordination approach.
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the spectrum adjustment,’s channel usage will not conflict with that of’,
son’ won't change from “qualified” to “disqualified”.

To seen must be “disqualified” before the spectrum adjustment, mgson
the contrary that it is “qualified” before the spectrum atfjusnt. According

to the rule, the only motivation that modifies its channel usage is there arep

more idle channels (i.e. sét\ C'(n) is not empty) sa: seizes them and gives
up the same amount of channels under conflict (i.e. inset C(n)). This
modification does not altefC(n)| and does not create new conflicts, 150
won't change from “qualified” to “disqualified”.

From lemma 2, node can only convert neighbors with higher Poverty Line

from “qualified” to “disqualified”, and a “qualified” node wdnchange any
of its neighbors to “disqualified”.

Lemma 3: For a given system witN nodes and any initial channel as-
signment, after at most an expected numbeP6iN?) spectrum adjustments,
all the nodes will become “qualified”.

Proof: From lemma 2, if spectrum adjustment is carried out in a

“structured” format such that “disqualified” nodes with lest poverty line
among its neighbors have the highest priority in adjustipgcirum, then
each “qualified” node will never become a “disqualified” node a result,
the total number of spectrum adjustment is at mgdfor all nodes to become
“qualified”.

However, if the order of spectrum adjustment is random, thédisquali-
fied” node with the lowest poverty line among its neighbor# wait for an

expected number of at mo3f other adjustments to get the opportunity. This

is mainly due to at each adjustment slot, the number of nodes veeds to
adjust spectrum is bounded hy. Therefore the number of total spectrum
adjustments until the system reaches an equilibrium is dedirby O(N?).
|
Now, we can use the above lemmas to prove theorem 2 for Rule B.
Proof of Theorem 2 for Rule B:

By lemma 3, after at most an expected numbeOgiV2) channel modifica-
tions all nodes are “qualified”.

According to definition 1, when all nodes are “qualified”, fewvery n, n
is on its Poverty Line, and for every neighbof s.t. PL(n) > |C(n’)| =
PL(n’), n doesn’t conflict withn’. This implies the global assignment is
conflict-free. It is just the status of equilibrium. [ ]

B.2 Proof for Rule C
Definition 2: We define a node as “qualified” if one of the following
conditions is satisfied.

1) |C(n)| > PL(n), and thePL(n) channels with the smallest channel
IDs occupied byn (hereby referred to as upper channels) do no
generate conflict with any neighbor af

2) |C(n)| = PL(n), and for every neighbor’, n doesn't conflict with
n’ on the uppemin(PL(n), |C(n')|) channels occupied by’.

Otherwise, the node is “disqualified”.

We start with a lemma that describes how the status of a nodehes by
running Rule C.

Lemma 4: , Aftem performs a channel modification based on rulerC,
becomes “qualified”.

Proof: If |I| > PL(n), then after applying Rule @ will occupy all
idle channels and won't conflict with any neighbor, so thelifjoation is
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o If |C(n')] = PL(n'), thenPL(n) > |C(n)|. Then according to the
rule, after the modificatiom won't conflict with»’, son’ won't change
from “qualified” to “disqualified”.

Therefore, PL(n) > PL(n’) is impossible, and we have proved
L(n) < PL(n').

Next, we need to prove thai must be “disqualified” before the spectrum
adjustment. Let's first assume thatis “qualified” before the adjustment.
From definition 2,n’s spectrum usage can be divided into the following two
cases.

e If |C(n)] > PL(n), and the uppetPL(n) channels occupied by
do not generate any conflict with any neighbor. During thecspen
adjustment,n will simply exit from the conflicted channels since the
number of idle channels is enough ferto reach its Poverty Line. After
that n won't conflict with its neighborm’, which means that’ won't
become “disqualified”.

If |C(n)] = PL(n). Sincen is “qualified”, the conflicting setB is
disjoint with C(n). According to the rule, the only motivation that
n modifies its channel usage is there are more idle channelssgt
I\ C(n) # 0). During spectrum adjustment, seizes a number of idle
channels and exits from the same amount of channels thabafiecting
(i.e. channels in the se® N C'(n)). This modification does not alter
|C(n)| and does not create new conflicts. NeWs spectrum usage
can be divided into two cases:

If |C(n’)] > PL(n') and the upperPL(n’) channels ofn’ are free
of conflict, then aftem modifies its channel usage those channels are
still free of conflict thusn’ is still “qualified”; If |C'(n’)| = PL(n’),
becausePL(n') > PL(n) and PL(n) = |C(n)|, itis straightforward
that |C'(n’)| > |C(n)|. Becausen' is “qualified” before the modifica-
tion of n, n’ doesn’t conflict withn. This means that after's spectrum
adjustment;’ andn do not conflict with each other. Hence! is still
“qualified”.

In conclusion, ifn is “qualified”, then its channel modification won't
transfern’ into “disqualified”. [ ]
From lemma 5, node can only convert neighbors with higher Poverty Line
from “qualified” to “disqualified”, and a “qualified” node wdnchange any
of its neighbors to “disqualified”.

Lemma 6: For a given system with an arbitrary initial assigant) through
at most an expected number ©{ N?) channel modifications all nodes will
become “qualified”.

Proof: From lemma 5, the proof is quite similar as the proof for lemma
]

Now, we can use the above lemmas to prove theorem 2 for Rule C.

By lemma 6, after at most an expected number @fN?) channel
modifications all nodes are “qualified”. At this point, somguélified” nodes
can still modify their channel usage. We hereby refer to aalifjed” node
whose spectrum usage is above its poverty lire (C(n)| > PL(n), as the
first clause in definition 2) as type | node, and a node whosetrgpe usage
is equal to its poverty linég. the second clause in definition 2) as type Il
nodes.

When all nodes are “qualified”, there may still exist some flicts.
However two type Il nodes are not possible to conflict: the wiitd higher

trivial. Otherwise if |I| = PL(n) because Rule C is reserving the uppe®r equal Poverty Line will avoid conflict with the other. Sondiéct only

min(PL(n),|C(n")|) channels for each neighbor, the only thing remains t
prove is set$) andI are enough for providing PL(n) channels, i©|+ || >
PL(n) in algorithm 1.

There are at mosi(n) neighbors ofn. Based on Rule C, node reserves
at mostP L(n) channels into seB for each neighbor. Therefore

_ _d()
“dn)+1
Therefore,|O| + |I| = L(n) — |B| > PL(n).

|B| < d(n) x PL(n) L(n)

The following lemma describes how a node affects the stdtits aeighbors
by running Rule C.

Lemma 5: When a node adjusts its spectrum and converts any of it
neighbors,i.e. noden’ from “qualified” to “disqualified”, then PL(n) <
PL(n’). In addition, n is “disqualified” before its spectrum adjustment.

Proof: We first assume thaPL(n) > PL(n’). Note n’ is “qualified”
before the spectrum adjustment. Therefore, there are twesilgle cases.

o If |C(n)| > PL(n’), then according to Rule @ will avoid conflict
with the upperPL(n) (> PL(n’)) channels thus’ is still “qualified”.

gXists between one Type | node and a Type Il node, or betweerType |
nodes. Type | nodes modify their spectrum usage by exitioghfchannels
that conflict with neighbors, so their modification elimiesithe conflicts with
their neighbors. So after at moSt(N2) expected iterations all type | nodes
modified their channel usage and the system is conflict-free.

When spectrum usage in a system becomes conflict-free andddks are
“qualified”, the only spectrum adjustment at a node is toeséite channels.
The number of this spectrum adjustment is at nigdtefore the system enters
an equilibrium. Therefore, the expected number of spectidjustment for a
system withN' nodes to reach an equilibrium is at ma@3{N?).

C. Proof of Theorem 3

S

We start the proof by defining a conflict gragh = {U, E'}, whereU
represents the list of vertices (the secondary nodé$)/| = N) , and E
represents the edges between vertices. An edge existsdretwe vertices if
the corresponding nodes conflict with each other if usingsidw@me channel.
A = |E| represents the number of edges in the conflict graph. It isoabv
that the number of edges is maximized when the network iscaihected,
whereA = N(N — 1)/2. Let A characterize the network’s spectrum usage,



i.e. the channel(s) used by each secondary node/vertex. We niine dee
conflict factor of A as

M-1
CF(A) = Y CFn(A),

m=0

whereC Fy,, (A) is the number of the pair of conflicting nodes who are using
channelm. Following Rules D and E, a node switches from channeh to

m/ only if it can gain more throughput fromn’ than fromm. Based on the
interference model, the number of nodes conflicting witbn channeln’ is
smaller than that on channet. Therefore, we can derive the following.

CF, (A" = CF,i(A) < CEn(A) — CFp(A) =
CFp/ (A") + CFp(A') < CFp(A) + CF,yi (A).

Since the switch will only impact on the values ©fF,,(.) andCF,,,/ (.),
it is obvious thatC'F'(A’) < C'F(A). Hence,C'F strictly decreases each
time a node madifies its channel usagéF'(A) < |E| x M andCF € Z,
the switch will end after at mostE'| x M iterations, and the system will
reach an equilibrium.

D. Proof of Theorem 4

Proof for ¥ = 1: By Pigeonhole Principle[3], there must exist a
channel where a node observes less or equal thqﬁ%J neighbors. At
an equilibrium, each node selfishly selects the best chaionelself, and
conflicts with at mosl{%] neighbors.

Proof for1 < ¥ < M: Assuming that a node: is assigned withd
channels. By an inductive argument usiR@eonhole Principlethere must
exist U channels, denoted; , ¢z, - - , cy, such that
U x d(n
deg (1) + dey (1) -+ deg (m) < W (2200,
Here we usel.(n) to denote the number of neighborsrofvho are occupying
channele. Now if noden switches to thes& channels, its utility will be

1 < 1 " 1 " " 1 >
dey () + 1 dey(n) + 1 Qo (m) + 1

B
1 v

EN 1
A ((deg (n) 4+ 1)(dey (1) + 1) -+ (dey (n) + 1)) @
1 v

=Y (ea O ¥y )T DT F ey ()4

1 2

T Ndey () F 14 dey(n) 14+ dey (n) + 1
1 w2

TAY( Xy b

-
MLIT52) +2)

Proof for ¥ = M: Straightforward following the interference model. For
each node, there a{n) + 1 nodes competing for alM channels.
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