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Abstract—In cognitive radio networks (CRNs), the design of
an optimal spectrum sensing scheme is an important problem
that has recently been drawing consideration attention. Various
sensing-related performance tradeoffs have been studied as an
efficient means to maximize the secondary network performance.
Despite its importance, however, the sensing–access tradeoff—
between sensing overhead and the MAC-layer contention among
secondary users in accessing the thus-discovered spectrum
opportunities—has not yet been accounted for. In this paper, we
show that the secondary network throughput can be improved
significantly by incorporating the sensing–access tradeoff in the
design of spectrum sensing. We first introduce a new concept
of (α, β)-contention spectrum sharing and analyze the sensing
requirement to meet a certain channel contention constraint
by using the improper list-coloring in graph theory. Specifically,
we derive the relationship among the sensing requirements,the
secondary network density, and the transmission power of sec-
ondary users. To maximize the network throughput, we propose
a distributed spectrum-sharing algorithm, called SmartShare,
which exploits channel contention and heterogeneous channel
conditions to maximize the secondary network throughput. We
also describe how to realizeSmartShare in an 802.11 MAC
protocol for its practical use and evaluation. Our simulation-
based evaluation shows that, sensing an optimal number of
channels for given network density can improve the achievable
throughput of SmartShare by up to 60% over a single-channel
sensing strategy.

I. I NTRODUCTION

Cognitive radios (CRs) are key for opportunistic (or dy-
namic) access to licensed spectrum bands, thus alleviating
the spectrum-scarcity problem that is expected to occur in
the very near future. This new paradigm of opportunistic
spectrum access has now become a reality. In November 2008,
for example, the FCC ruled that the DTV white spaces can
be used by secondary (unlicensed) devices [1]. Moreover,
the IEEE 802.22 WRANs, the first CR-based international
air-interface, is also in its final stage of standardization[2].
Realization of CR technology requires resolution of several
challenges, of which various aspects of spectrum sensing have
been studied extensively, such as cooperative sensing [3],[4],
sensing scheduling [5], sensor mobility [6], sensing-parameter
optimization [7], [8], security [9], [10], to name a few.

Recently, the design of an “optimal” spectrum-sensing strat-
egy has also received considerable attention. The common
design objective of optimal sensing is to maximize the network
throughput by minimizing the sensing overhead (e.g., in terms
of time and energy) under certain performance constraints,
e.g., detection accuracy/delay and interference to the primary
users. To this end, various sensing-related performance trade-
offs have been exploited in many different contexts, such as
sensor selection [5], [11], sensing scheduling [8], [12], [13],

and channel sensing ordering [14]. For example, Lianget
al. [7] optimized the sensing time by making the tradeoff
between the sensing accuracy and the sensing time overhead
in order to maximize the secondary network throughput. These
approaches are shown to improve the network throughput
significantly by exploiting various tradeoffs with regard to the
design or determination of sensing parameters.

Despite its importance, however, the impact of sensing
on the secondary users’ channel access has received far
less attention. Intuitively, while sensing a larger numberof
channels will allow secondary users to access the medium for
a longer period of time with reduced channel contention, it
will also increase the sensing time overhead, and vice versa.
However, most current sensing schemes do not consider this
tradeoff. Recently, Zhaoet al. [15] jointly considered sensing
and access using partially-observed Markov decision process
(POMDP). However, they did not consider the impacts of
sensing overhead and channel contention in maximizing the
secondary network throughput.

In this paper, we propose contention-aware spectrum-
sensing at the MAC-layer by making the tradeoff between the
sensing overhead and the channel-access time to maximize the
secondary network’s throughput. For this, we must answer the
following two questions:

1) How many available channels should each secondary
user discover via spectrum-sensing?

2) How efficiently and fairly should the thus-discovered
spectrum opportunities be shared among secondary
users?

Answers to these questions will provide us useful insights on
the impact of secondary system parameters, such as network
density, on the design of spectrum-sensing schemes.

We formulate these as a mixed-integer nonlinear program-
ming (MINLP) problem, which turns out to be NP-hard, so we
do not expect to find an optimal solution. Instead, we first cap-
ture the sensing–access tradeoff by reassessing the throughput
maximization problem with theimproper list-coloringin graph
theory. To gauge the impact of a secondary network’s density
on spectrum-sensing, we introduce a new concept of(α, β)-
contention spectrum sharing, under which at leastβ fraction
of secondary links have less thanα interfering links using
the same channel. We then propose a distributed spectrum-
sharing algorithm, calledSmartShare, that maximizes the
secondary network’s throughput by intelligently sharing the
available channels among nearby secondary links. To the best
of our knowledge, this is the first to use the improper list-
coloring for spectrum sensing and sharing in CRNs.



A. Contributions

The main contributions of this paper are summarized as
follows.

• Introduction of a new way of designing a spectrum-
sensing scheme by making the tradeoff between the
spectrum sensing and channel access of secondary users.
Despite its practical importance, the impact of spectrum
sensing on channel contention among secondary users
has not been considered adequately before. This new
approach provides a useful insight on the design of sens-
ing schemes, improving the performance of secondary
networks (see Section IV).

• Analysis of(α, β)-contention spectrum sharing using the
improper list-coloringin graph theory. While the conven-
tional graph coloring is suitable only for interference-free
spectrum sharing, theimproper list-coloringcan capture
the tradeoff between sensing overhead and channel ac-
cess. In particular, we prove thatc=O(λ) wherec andλ
are the minimum required number of available channels
and network density, respectively.1 This result indicates
that the sensing strategy should adapt to the secondary
network density to maximize the network throughput.
We also prove thatc = O(P

2/γ
o ) wherePo and γ are

the transmit power of a secondary user and path-loss
exponent, respectively. Our analysis results suggest that
secondary network parameters, such as network density
and transmission power, can greatly affect the sensing
efficiency, while they have not been considered before
(see Section V).

• Development of a contention-aware distributed spectrum-
sharing algorithm, calledSmartShare, for intelligent
sharing of spectrum opportunities. We also describe how
to realizeSmartShare in the 802.11 MAC protocol,
and use it for performance evaluation. Our simulation re-
sults show that the performance ofSmartShare can be
improved significantly by employing an optimal sensing
strategy in relation with network density. The results also
indicate thatSmartShare can further improve the sec-
ondary network throughput by exploiting heterogeneous
channel conditions due to shadow fading, while incurring
negligible communication overhead (see Section VII).

B. Organization

The remainder of this paper is organized as follows. Sec-
tion II summarizes the related work and highlights the dif-
ferences between existing work and our approach. Section III
describes the system models and the assumptions used in this
paper. Section IV formulates the contention-aware channel
sensing and sharing problem as a mixed-integer nonlinear pro-
gramming problem, and introduces the improper list-coloring
problem as a solution approach. A graph-theoretic analysis
on the sensing–access tradeoff is presented in Section V.
Section VI presents four spectrum-sharing algorithms, in-
cludingSmartShare, and describes the 802.11-based MAC
protocols for their practical use and performance evaluation.

1In this paper, we use Knuth’s asymptotic notation:f(n) = O(g(n))
implies the existence of some constantC and integerN such thatf(n) ≤
C g(n) for n ≥ N .

Section VII analyzes the communication overheads of pro-
posed algorithms, and evaluates their performance for various
network environments. Section VIII concludes the paper.

II. RELATED WORK

The problem of designing an optimal spectrum-sensing
strategy has been studied extensively from a single secondary
link’s perspective [7], [12], [13]. Lianget al. [7] studied
the tradeoff in determining the sensing time, i.e., a longer
sensing time provides more accurate sensing results, thus
better protection of the primary system, at the cost of reduced
throughput. Chang and Liu [12] developed an optimal probing
strategy by considering both channel probing cost and channel
selection for data transmission. Shuet al. [13] formulated
the spectrum-sensing problem as an optimal stopping-time
problem to maximize the network throughput. However, none
of these considered the need for synchronized sensing (quiet)
periods, and thus, they all suffer inaccurate sensing (a.k.a. the
sensing exposed terminal problemin [16]). Moreover, their
design did not consider the contention among the secondary
users sharing available spectrum opportunities.

Recently, the problem of joint spectrum sensing and sharing
start to draw the researchers’ attention [15], [16], [17]. Zhao
et al. [15] proposed a distributed POMDP (partially-observed
Markov decision process) framework for joint spectrum sens-
ing and sharing in ad hoc CRNs. However, they did not ac-
count for the sensing overhead in throughput performance, nor
did they consider the channel contention but assumed that only
a single pair of secondary users can access a channel within
a time slot. Jiaet al. [16] proposed a hardware-constrained
MAC (HC-MAC) for ad hoc CRNs acknowledging the need
for synchronized sensing periods to achieve sensing accuracy.
However, their scheme requires only one-hop neighbors to
remain silent during spectrum sensing, yielding inaccurate
sensing results due to interference from other concurrently-
transmitting secondary users in the same channel.

Our work is different from the previous work: it aims
to design a network-wise sensing strategy that incorporates
various practical aspects, such as channel contention, network
density, and heterogeneous channel conditions.

III. SYSTEM MODEL AND ASSUMPTIONS

This section describes the network, interference, and signal
propagation models as well as the assumptions that will be
used throughout the paper.

A. Network and Interference Models

We consider an ad-hoc CRN where primary and secondary
users coexist in the same geographical area. We assume
that each secondary user is equipped with a single radio
interface and can access only one channel at a time. We
assume that there is a setK={1, . . . ,K} of orthogonal, non-
interfering licensed channels, e.g., non-adjacent TV channels
in VHF/UHF bands. These licensed channels can be oppor-
tunistically used by secondary users based on their spatialand
temporal availability identified via periodic sensing.

We assume the (binary) protocol interference model for the
clarity of presentation. That is, nodesi and j interfere with
each other if they are located within the interference range
rI , i.e., dij ≤ rI . We consider the 802.11-like bidirectional
interference model where two linksl1 and l2 interfere with



each other if any of the four sender–receiver pairs are located
within the interference range. Then, the impact of secondary
interferences can be captured by aconflict graph(a.k.a. in-
terference graph) Gc = (Vc, Ec) [18] where each vertex of
Gc is associated with a secondary link, and the set of edges
Ec represents the interference relations between the secondary
links, i.e.,Ec={(lab, lcd) | lab ⊗ lcd = 1 lab, lcd ∈ Vc}, where
the operator⊗ represents the interference relation between
the secondary links, i.e.,l1 ⊗ l2=1(0), if links l1 and l2 (do
not) interfere with each other. We assume that the distribution
of active secondary links, i.e., a set of verticesVc, in the
deployment areaA follows a point Poisson distribution with
density λ, i.e., nA ∼ Poi(k;λ|A|). The impact of network
density on the sensing strategy will be detailed in Section V.

B. Signal Propagation Model

The received signal strength at the receiver of secondary
link i can be expressed as the following signal propagation
model:

Pi = Po

(do
di

)γ

10
Xi
10 (Watt), (1)

wherePo is the signal strength at the transmitter of secondary
link i, γ the path-loss exponent,do the short reference
distance (e.g.,1m), and di the transmitter-receiver separa-
tion. The shadow-fading gain is accounted for ineXi where
Xi ∼ N (0, σ2) ∀i. The log-normal shadow fading is often
characterized by its dB-spread,σdB, which has the relationship
σ = 0.1 log10(σdB). We assume that the channel bandwidth
is much larger than the coherent bandwidth, so the effect of
multi-path fading can be ignored [19].

IV. PROBLEM FORMULATION

In this section, we first describe a time-slotted opportunistic
spectrum-access model, and express the individual secondary
link throughput. We then formulate the secondary network
throughput maximization as MINLP and propose(α, β)-
contention to capture the sensing–access tradeoff.

A. Time-Slotted Opportunistic Spectrum Access

We assume a time-slotted model with constant time-slot
duration (τ ) for opportunistic spectrum access (a.k.a. constant
access time (CAT) [12]), which has been widely used in the
literature (e.g., [7], [15], [16], [20], [21]). The IEEE 802.22
standard draft [22] also employs such a time-synchronized
spectrum-sensing model. Note that this time-slotted oppor-
tunistic spectrum-access model is suitable to meet the strict
timing requirements for incumbent detection, e.g., 2-second
channel detection time (CDT) in 802.22 [23]. Each time slot
consists of three phases: (i) channel sensing/probing (TP ), (ii)
channel selection (TA), and (iii) data transmission (TD), as
depicted in Fig. 1. To achieve accurate sensing results, we
assume that all the secondary users are synchronized and
remain silent during the sensing period. We assume that the
shadowing gain is constant for a time slotτ . A key challenge
is to make the best tradeoff between the channel-probing
overheadTP and the channel access time, i.e., the more
available channels, the less contention in channel access during
data transmission periodTD. This tradeoff can be captured
by the improper/defective list-coloring problem[24] in graph
theory, which will be utilized in Section V.

Channel 

Assignment
Data Transmission

time slot t (τ)

Probing

TP TA TD
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Fig. 1. A time-slotted opportunistic spectrum-access model. The sens-
ing/probing periodTP must be synchronized over the entire network to obtain
accurate sensing results. Secondary links share the set of available channels
discovered via sensing inTA and access the channel via contention in the
data transmission periodTD.

B. Individual Link Throughput under Contention

Before formulating the network throughput maximization
problem, we need to understand the achievable throughput of
individual secondary link. For this, we first define the notion
of airtime-share in order to incorporate the impact of channel
access contention among secondary links.

Definition 1. (A IRTIME SHARE) An airtime share of a
secondary link is defined as the expected fraction of time
within a time slot the secondary nodes on the link can access
the channel.

Given a conflict graphGc = (Vc, Ec), let φn(Λ) denote the
achievable airtime share of a secondary linkn ∈ Vc under the
spectrum-sharing (i.e., channel-assignment) policyΛ : Vc →
K. Then, the airtime share of the link can be approximated as:

φn(Λ) ≈
TD

τ
· 1− δ
Mn(Λ) + 1

, (2)

whereδ (0 < δ < 1) denotes channel contention overhead2

andMn(Λ) denotes the number of interfering secondary links
that have been assigned the same channel, i.e.,

Mn(Λ) = |{m |Λ(m) = Λ(n) emn ∈ Ec}|. (3)

In other words,Mn(Λ) is the number of vertices adjacent to
vertexn in the conflict graph.

Then, based on Eqs. (2) and (3), the expected achievable
throughput of secondary linkn under the spectrum-sharing
policy Λ can be expressed as:

Zn(Λ) = rn(Λ) · φn(Λ), (4)

wherern(Λ) is the achievable data rate, which depends on the
instantaneous channel condition (e.g., shadow fading).

C. Utility Maximization Problem

Based on the above observations, we want to find the opti-
mal spectrum-sharing policyΛ∗ that maximizes the secondary
network utility, i.e.,

Λ∗ = argmax
Λ

[

∑

n∈Vc

U(Zn(Λ))

]

, (5)

where a different utility functionU(·) can be used to achieve
a different level of fairness [25].

2We assume 802.11-like MAC protocol for channel contention among the
secondary nodes assigned the same channel.



Let ψn,k denote a binary random variable indicating if
channelk ∈ K is assigned to secondary linkn ∈ Vc, i.e.,

ψn,k =

{

1 if channel k is assigned to secondary link n

0 otheriwse.
(6)

Under the assumptions that the channel probing (TP ) and
assignment overheads (TA) are constant, given the number
of probing channels and employed algorithm, the problem of
maximizing total network throughput, i.e.,U(x) = x, can be
formulated as the following optimization problem (P1):

Maximize
∑

n∈Vc

∑

k∈Cn

rn,k · φn,k · ψn,k, (7)

subject to rn,k = B · log
(

1 +
Pn,k

No

)

∀n∀k (7a)

φn,k +
∑

m∈Mn

φm,k ≤ 1 ∀n∀k (7b)

0 ≤ φn,k ≤ 1 ∀n∀k (7c)
∑

k∈Cn

ψn,k ≤ 1 ∀n (7d)

where rn,k is the achievable link data rate whereB is the
channel bandwidth,No the noise power, andPn,k the received
signal power for linkn when using channelk. The set of
available channels for linkn is denoted asCn. Eq. (7b) ensures
the interference constraints, i.e., in each time slot, at most one
secondary link can access the medium among the interfering
links at any given time instant. Eq. (7d) indicates that each
secondary node can access only one channel within a time
slot.

Although P1 can provide an optimal solution for a given
set of available channels{Cn}, it is not feasible to find an
optimal solution for the following two reasons:P1

• involves both integer and continuous variables, rendering
it mixed-integer nonlinear programming (MINLP) prob-
lem, which is NP-hard [26], and

• assumes the set of available channels{Cn} known to
secondary network, while they depend on the secondary
users’ sensing strategy (e.g., which and how many chan-
nels to sense) and instantaneous availability of the chan-
nels.

Therefore, instead of directly maximizing the network
throughput, we analyze the sensing–access tradeoff in Section
V and proposedistributed spectrum sharing algorithms in
Section VI.

D. Sensing–Access Tradeoff

We first introduce a new concept of(α, β)-contention
spectrum sharing, with which we analyze the sensing–access
tradeoff. Understanding the sensing–access tradeoff willpro-
vide useful insights into throughput maximization problemas
the spectrum-sensing overhead and the channel-access timeare
the two main factors that determine the achievable throughput.

Definition 2. ((α, β)-CONTENTION SPECTRUM SHARING)
A spectrum-sharing policyΛ achieves(α, β)-contention if at
least β ∈ (0, 1) fraction of secondary links in the network
have equal to, or less than,α interfering links that have
been assigned the same channel within a time slot.Λ(α,β)

represents a spectrum-sharing policy that satisfies(α, β)-
contention spectrum sharing.

According to the above definition,(α, β)-contention spec-
trum sharing provides the following lower-bound on the
achievable airtime share of secondary links:

Pr
(

Mn(Λ
(α,β)) ≤ α

)

≥ β

⇐⇒ Pr
(

φn(Λ
(α,β)) ≥ TD

τ
· 1− δ
α+ 1

)

≥ β ∀Λ(α,β). (8)

Eqs. (2) and (8) indicate that, for givenβ, the feasibility of
(α, β)-contention spectrum sharing depends on the number of
interfering links that have been assigned the same channel.The
number of interfering links can be reduced by sensing more
channels at the cost of increased sensing time, and sharing
them in a non-overlapping manner. We capture this interesting
tradeoff between sensing and access via improper list coloring
as we discuss next.

E. Relationship with Improper List-coloring Problem

In the contention-aware spectrum sharing problem, one can
view the list of available channels (identified via sensing)at
the secondary links as the list of colors(Ln)n∈Gc

in the
conflict graphGc. The problem then becomes equivalent to
the improper list-coloring problem.3 A graphG = (V,E) is
called (c, α)-choosable(or c-choosable with improprietyα),
if for every (color) list assignmentL where|Lv| ≥ c ∀v ∈ V ,
there existsL-coloring ofG such that each vertex ofG has
at mostα neighbors with the same color as its own [24].
Therefore, an(α, β)-contention spectrum sharing is feasible
if the conflict graphGc is (c, α)-choosable wherec is the
minimum number of available channels at the secondary
nodes, i.e.,c , minn∈Vc

{|Cn|}, whereCn ⊆ K is the set
of available channels at secondary linkn.

V. SENSING REQUIREMENTS FORSPECTRUM SHARING: A
GRAPH-THEORETICANALYSIS

We now consider the minimum requirements of channel
probing for the (α, β)-contention spectrum sharing, whereα
can be interpreted as the desired level of airtime share. We
first study the distribution of the number of neighboring links
under a point Poisson distribution, and derive the minimum
number of available channels required at each secondary link
for (α, β)-contention spectrum sharing using the properties of
improper/defective list-coloring[24].

A. Distribution of Number of Neighbors

Before analyzing the sensing requirement to achieve(α, β)-
contention, we need to understand the distribution of the num-
ber of neighboring secondary links. Assuming point Poisson-
distributed secondary links, the number of neighboring links of
an arbitrary secondary link in the network follows the Poisson
distribution as:

N ∼ Poi(k;λπR2
I), (9)

whereλ is the average secondary links density andRI the
secondary interference range.

Then, the c.d.f. of the number of neighbors can be expressed
as:

FN =
Γ(⌊k + 1⌋, λ)
⌊k⌋! k ≥ 0, (10)

3The termscolor andchannelwill be used interchangeably throughout this
paper.
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where Γ(·, ·) is the incomplete Gamma function andk the
number of neighboring links. Fig. 2 plots the c.d.f. of the num-
ber of neighboring links under different average link densities.
Intuitively, the sensing requirement for(α, β)-contention shar-
ing depends on the maximum number of neighboring links
in the network. However, due to the heavy-tailed nature of a
Poisson distribution,Pr(k=∞) 6= 0, and thus, the worst-case
analysis, i.e.,β=1, is uninteresting and may not provide any
useful insight in understanding the sensing–access tradeoff. We
thus defineβ-maximal degree (β < 1) and consider it as the
maximum number of neighboring links for a given network
topology.

Definition 3. (β-MAXIMAL DEGREE ) Theβ-maximal degree
of the secondary network is defined as:

Nβ , sup {N : FN(λ) ≤ β}, (11)

whereλ is the average secondary link density andβ ∈ (0, 1)
is a pre-defined constant (e.g.,β=0.95).

From now, we consider theβ-maximal degree as the max-
imum number of neighboring links of the network and study
the sensing/probing requirements to achieve(α, β)-contention
sharing.

B. Sensing Strategy for(α, β)-contention Spectrum Sharing

To achieve a longer channel-access time, i.e., smallα, the
secondary users need to discover more available channels at
the cost of more sensing time. Thus, the number of available
channels for(α, β)-spectrum sharing is an important perfor-
mance metric. Therefore, we derive the minimum number of
channels to be sensed for(α, β)-contention channel assign-
ment. Given an interference graphGc, the problem can be
formally stated as:

Minimize max
n∈Vc

{|Cn|}

subject to ∃Λ(α,β) s.t.Pr(Mn(Λ
(α,β)) ≤ α) ≥ β ∀n.

We prove the minimal sensing requirement for(α, β)-
contention spectrum sharing as follows.

Lemma 1. Assume a secondary network is denoted as
a conflict graphGc. Then, for (α, β)-contention spectrum
sharing, each secondary linkn ∈ V (Gc) must satisfy the

following requirement for the number of available licensed
channels:

c ≥
⌈

1

2

(

Nβ − 2α+
√

N2
β + α2

)

⌉+

∀n, (12)

wherec , minn∈Vc
{|Cn|}, ⌈•⌉+ , max(0, ⌈•⌉), andNβ is

the β-maximal degree of the network.

Proof. Let us define the maximal average degree of con-
flict graph Gc as d(Gc) , { 1

|H|
∑

v∈H d(v) |H ⊆ Gc}.
Let D̄(m,α) ∈ R denote the upper bound such that every
conflict graph of the maximum average degree less than
D̄(m,α) is (m,α)∗-choosable. Theorem 3 in [27] showed
that D̄(m,α) = m(m+2α)

m+α ∀m ≥ 2, ∀α ≥ 0. Therefore, every

graph with theβ-maximal degreeNβ <
m(m+2α)

m+α is feasible
for (α, β)-contention spectrum sharing wherem ∈ N is the
minimum number of available channels at each vertex (i.e.,
secondary link). Then, by solving the above inequality, we
havem > ϕ = 1

2 (Nβ−2α+
√
(Nβ − 2α)2 + 4αNβ). There-

fore, a graph ofβ-maximal degreeNβ with α-impropriety is
⌈ϕ⌉-choosable. Therefore, Eq. (12) holds.�

Fig. 3 plots the required number of available channels in
Eq. (12), which increases with network density.

C. Achievable Channel-Access Time under Limited Sensing

The number of available channels at secondary links may
in practice be limited for various reasons, such as hardware
constraints [16] or location and time-dependent spectrum
availability [28], [29], [30]. The following lemma shows
the achievable degree of channel contention under a limited
number of available channels.

Lemma 2. For a given β ∈ (0, 1), (α, β)-contention
spectrum-sharing policyΛ(α,β) is achievable where

α =

{⌈

c2−cNβ

Nβ−2 c

⌉+

if
Nβ

2
≤ c < Nβ

0 if c ≥ Nβ ,

where c is the minimum number of available channels at
secondary links, i.e.,c , minn∈Vc

{|Cn|}. In casec < Nβ

2 , no
feasible solution forΛ(α,β) is guaranteed.

Proof. Assume a conflict graphGc with β-maximal degree
Nβ. Whenc ≥ Nβ , at leastβ fraction of nodes (i.e., secondary
links) in the conflict graph have more colors than the number
of its neighbors, and thus(0, β)-contention spectrum sharing
can be achieved. WhenNβ

2 ≤ c ≤ Nβ , (α, β)-contention

spectrum sharing is achievable whereα >
c2−cNβ

Nβ−2 c (this can
be shown by following similar procedures in the proof of
Theorem 3 in [27]). Therefore, the result follows.�

D. Impact of Network Density on Sensing Requirement

The following theorem shows that the sensing requirement
for (α, β)-contention spectrum sharing increases linearly with
the secondary network density.

Theorem 1.Let c denote the number of available channels
required to achieve(α, β)-contention spectrum sharing for
givenα and β. Then, for fixedRI , we have

c = O(λ), for λ ≥ 5

πR2
I

. (13)
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Fig. 3. Minimum number of available channels required to achieve (α, β)-
contention spectrum sharing almostlinearly increases as eitherα (degree
of channel contention) decreases orλ (secondary link density) increases. The
secondary interference rangeRI andβ are set to60m and0.95, respectively.

Proof.When the average number of neighboring links is large,
i.e., λπR2

I (≥ 5), the Poisson distribution of the number of
neighboring links can be accurately approximated as a normal
distribution [31]. Thus, by the definition in Eq. (11), we have
β=1−Q(

Nβ−λπR2
I√

λπRI

) whereQ(x)= 1√
2π

∫∞
x
e−t2/2dt. Hence,

Nβ=Q
−1(1− β)

√
λπRI +λπR2

I . From Eq. (12), for a fixed
interference rangeRI , we have

c ≥ 1

2
(Nβ − 2α+

√

Nβ + α2) (13a)

≥ Q−1(1− β)
√
λπRI + λπR2

I − 2α (13b)
= O(λ). (13c)

Thus, Eq. (13) holds. �

Theorem 1 shows that the minimum number of available
channels for(α, β)-contention spectrum sharing increases at
mostlinearly with the network densityλ (and thusNβ), as can
be seen in Fig. 3. Therefore, the secondary link density is a
critical factor in determining the minimum number of available
channels to achieve(α, β)-contention spectrum sharing.

Corollary 1. For fixed network densityλ, we have

c = O(P 2/γ
o ), (14)

wherePo is the transmission power of the secondary user and
γ is the path-loss exponent (e.g.,γ=4).

Proof. Let η denote the carrier-sensing threshold. Then,
from Eq. (1), it can be approximated byη≈Po (

do

RI
)
γ
X̂ where

RI is the interference range and̂X the average shadow fading
gain, i.e.,X̂ = E[10

X
10 ]. As a consequence, it can be easily

shown thatRI ≈GP 1/γ
o whereG=d−1

o ( X̂η )
1/γ is a constant.

According to Eq. (13b),c=O(R2
I)=G

2O(P
2/γ
o ). Therefore,

Eq. (14) follows. �

Corollary 1 indicates that, for fixed network density, the
transmission power of secondary users influences the sensing
strategy for achieving(α, β)-contention sharing. This confirms
a common intuition: the stronger the transmission power, the
higher the link data rate, but severer the channel contention
due to the increased interference range, and vice versa.

While the above analytical findings provide useful in-
sights on the sensing–access tradeoff, the achievable network
throughput also depends on how efficiently the thus-discovered
available channels are shared in the channel assignment phase
(TA in Fig. 1). Therefore, we proposedistributedalgorithms
for spectrum sharing that resolves channel contention among
neighboring links, while exploiting heterogeneous channel
conditions as much as possible to maximize the network
throughput.

VI. CONTENTION-AWARE DISTRIBUTED
SPECTRUM-SHARING ALGORITHMS

The optimization problemP1 developed in Section IV-C
suffers from (i) computational complexity due to its NP-
hardness and (ii) lack of scalability because it requires a central
node for spectrum sharing. We therefore seek low-complexity
distributed spectrum sharing protocols. Specifically, we pro-
pose distributed spectrum sharing algorithms and present them
in the order of increasing implementation complexity and
optimality.

The first algorithm (i.e.,Local Best) is non-cooperative
where each secondary node independently selects a color
(channel) among its list of available colors, which will be used
as a performance benchmark in Section VII. The next two
algorithms—Color-Switch andColor-Exchange—are
cooperativechannel assignment, allowing secondary nodes to
adaptively change the color after collecting the color infor-
mation from its neighbors. Then, we proposeSmartShare,
which adaptively executes one of the two cooperative algo-
rithms for the best channel assignment.

A. ALG1:Local Best

In Local Best, secondary nodes select the best channel
from their listCn of available channels, based on the expected
reward (i.e., average data rate). That is, the secondary nodes on
link n select the channeli∗ such thati∗ = argmaxi∈Cn

{rn,i}.
Local Best is simple and easy to implement, but it does
not have any color conflict-resolution mechanism, and may
thus suffer from the channel-contention overhead (see Section
VII). This motivates the design of cooperative algorithms that
adjust color based on the color information of neighboring
nodes.

B. ALG2:Color-Switch

In this algorithm, secondary nodes switch color after a local
search for the color information of neighboring nodes. For the
local search, a node with the smaller ID of each link will
be the representative node; only the representative nodes will
participate in the channel-assignment process. Algorithm1
shows the procedure of exchanging the color information
among neighboring secondary nodes. Initially, the secondary
nodes select a channel by executingLocal Best. Then, they
share the color information with neighboring nodes. This can
be done by adopting a random backoff in the IEEE 802.11
MAC protocol.4 Once the backoff timer expires, the secondary
node broadcasts a GETCOLOR message to its neighbor (inter-
fering) nodes for their color information; the receivers ofthis

4Secondary nodes will set a timertBackoff by selecting a number
uniformly distributed between[0, W − 1], whereW is the backoff window
size.



Algorithm 1 Color-Switch
Each vertex (link)n ∈ Vc

1: Initializes its available color setCn ← {c1, . . . , cN} and
associated reward setRn ← {r1, . . . , rN}

2: Selects a colorΛ(n) based onLocal Best
3: Initiates the obsolete channel setΩn ← {Λ(n)}
4: for each roundr ∈ [1, niter] do
5: Randomly selects a backoff timertBackoff in [0,W − 1]
6: done← 0
7: while done = 0do
8: if tBackoff = 0 then
9: BroadcastsGetColor to its 1-hop neighborsMn

10: ReceivesUpdateColor from its neighbors
11: for eachci in Cn do
12: ti ← |{m|Λ(m) = ci m ∈Mn}|
13: wi ← ri

ti+1
14: end for
15: i∗ ← argmaxi∈Cn{wi}
16: if i∗ /∈ Ωn then
17: Λ(n)← i∗

18: Ωn ← Ωn ∪ {Λ(n)}
19: end if
20: done← 1
21: else
22: tBackoff ← tBackoff − 1
23: end if
24: end while
25: end for

message will respond with an UPDATECOLOR message, which
includes the available channel list with the associated channel-
condition information and their current channel selection. The
MAC frame formats are provided in Fig. 4. Then, based
on the collected color information, the initiating secondary
node switches to (or stays at) the best channel among those
that have not been selected before (i.e.,Cn \ Ωn) for fast
convergence in channel selection. This algorithm requires
O(∆) time for data collection where∆ is the maximum degree
of the conflict graph. This color information exchange process
among neighboring nodes is repeated forniter times where
secondary nodes performColor-Switch in each roundr.
Since each{LINK , COLOR} pair can be picked at most once
for fast convergence, the number of rounds is upper bounded
by the maximum number of available channels at secondary
nodes, i.e.,niter ≤ Cmax = max{|Cn|}n∈Vc

. Therefore, the
time complexity of this algorithm isO(∆ · |Vc| ·Cmax). Note
that the protocol-based actual time overhead of this algorithm
will be analyzed in Section VII.

The main drawback ofColor-Switch is that it may not
be able to escape from a local optimum due to the sequential
execution of the algorithm. This motivates the following
algorithm that allows two neighboring nodes to swap their
color simultaneously.

C. ALG3:Color-Exchange

In this algorithm, secondary nodes attempt to maximize
the reward by exchanging color information with one of
their neighbor nodes. Algorithm 2 shows the color-exchange
procedure (also see Fig. 4). Secondary nodes first col-
lect the color information of neighbor nodes using GET-
COLOR/UPDATECOLOR messages, then choose the best can-
didate neighbor for color exchange. Once a target neigh-
bor is picked, the initiating secondary node will send a

Algorithm 2 Color-Exchange

(1) Each vertex (link)n ∈ Vc does
1: Initializes its available color setCn ← {c1, . . . , cN} and

associated reward setRn ← {r1, . . . , rN}
2: Selects a colorΛ(n) based onLocal Best
3: for each roundr ∈ [1, niter] do
4: Randomly selects a backoff timertBackoff in [0,W − 1]
5: done← 0
6: while done = 0do
7: if tBackoff = 0 then
8: Broadcasts GETCOLOR to its 1-hop neighborsMn

9: Receives UPDATECOLOR from its neighbors
10: tΛ(n) ← |{m|Λ(m) = Λ(n)m ∈Mn}|
11: wΛ(n) ←

rΛ(n)

tΛ(n)+1

12: for eachm in Mn do
13: if Λ(m) ∈ Cn andΛ(n) ∈ Cm then
14: tΛ(m) ← |{m

′ |Λ(m′

) = Λ(m)m
′ ∈Mn}| − 1

15: wΛ(m) ←
rΛ(m)

tΛ(m)+1

16: end if
17: end for
18: m∗ ← argmaxm∈Mn{wΛ(m)}
19: if wΛ(m∗) > wΛ(n) then
20: Sends COLOREXREQUESTto neighborm∗

21: if Receives COLOREXREPLY from m∗ then
22: Λ(n)← Λ(m∗)
23: end if
24: end if
25: done← 1
26: else
27: tBackoff ← tBackoff − 1
28: end if
29: end while
30: end for

(2) Upon receiving COLOREXREQUEST, the vertexm∗ does
31: Collect color information from 1-hop neighbors using GET-

COLOR/UPDATECOLOR messages
32: Update rewards{wi}i∈Cm assumingΛ(n) = Λ(m∗)
33: if wΛ(n) > wΛ(m∗) then
34: Send COLOREXREPLY to vertexn
35: Λ(m∗)← Λ(n)
36: end if

COLOREXREQUESTmessage for color-information exchange;
the receiver of this message agrees to the exchange only
when it is beneficial (increasing reward) to itself. In other
words, in Color-Exchange, the exchange must be mu-
tually beneficial to both participating secondary nodes. If
the receiving node agrees to the exchange, it will respond
with a COLOREXREPLY message and then switch to the
suggested color; otherwise, it will not respond. Upon receiving
the COLORREPLY message within a certain time period, the
initiating secondary node will also switch color.

D. ALG4: SmartShare

This algorithm allows a secondary node to perform ei-
therColor-Switch or Color-Exchange, whichever per-
forms better (i.e., provides a higher increase in total re-
ward). The initiating node collects the color information via
the GETCOLOR/UPDATECOLOR mechanism and then cal-
culates the best possible local improvement when it per-
forms Color-Switch and Color-Exchange, respec-
tively. If exchanging color information with one of its
neighbors improves its own reward more than switching its
own color, the initiating node proceeds with COLOREXRE-
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QUEST/COLOREXREPLY messages. After receiving the feed-
back from a neighbor, the initiating node finalizes the proce-
dure by notifying the neighboring node (i.e., the one consid-
ered for exchanging color information) the adopted algorithm
via EXCONFIRM/EXACK messages, as shown in Fig. 4.

E. MAC Frame Formats for the Proposed Algorithms

To realize the proposed algorithms, we design a medium
access protocol on the basis of the IEEE 802.11 DCF. Fig. 4
shows the overall protocol behavior for exchanging color-
information; the MAC frame formats used for the proposed al-
gorithms are shown in Fig. 5. The formats of GETCOLOR and
UPDATECOLOR are shown in Figs. 5(a) and 5(b), respectively.
The GETCOLOR frame can use either the broadcast address
or list of receivers (RAs) (maximum16). The UPDATECOLOR
frame contains the bitmap of both available and selected
channels at the sender; a maximum of128 channels are
supported. It also contains the channel condition (i.e., achiev-
able average data rate) information of the available channels
to exploit multi-channel diversity. Although we assume that
each secondary node accesses at most one channel at a
time, our algorithms can be easily extended to support the
use of multiple channels. The format of COLOREXREQUEST
contains channel bitmap information to specify the channels
for exchange with the receiver, as shown in Fig. 5(d). The
EXCONFIRM format is only forSmartShare and specifies
the algorithm, i.e.,Color-Switch or Color-Exchange,
chosen by the initiating node, and ifColor-Exchange is

selected, it conveys the channels for exchange, i.e., T-CH and
R-CH, as depicted in Fig. 5(c). The COLOREXREPLY and
EXACK use the same frame format with different ACK bitmap
subfields.

VII. PERFORMANCEEVALUATION

In this section, we first analyze the channel sensing and
assignment overheads of the proposed algorithms. We then
evaluate their performance under various network conditions.

A. Analysis of Protocol Overheads

Secondary nodes must suspend data transmission during
the channel sensing and assignment periods. Thus, the time
spent on the sensing and assignment should be considered as
a performance loss. Here we quantify these time overheads
(i.e., TP andTA) of channel-assignment algorithms based on
the proposed MAC protocols.

1) Channel-Sensing Overhead (TP ): To probe a channel,
a secondary node first senses its (un)availability using fea-
ture detection for the duration ofTs, and then measures
its condition for the duration oftMEASURE. These sensing
and measurement operations will be repeated for the entire
set of channels to be sensed (i.e.,Sn). Therefore, the total
sensing/probing time can be calculated as:

TP (ns) = [Ts + tMEASURE] · ns, (15)

wherens is the number of channels to be sensed, i.e.,|Sn|.
According to the system parameters listed in Table I, sensing
a single channel takes24ms for the field sync detector for a
DTV signal [23], which translates to1.2% of the time slot
(τ ).

2) Channel-Assignment Overhead (TA): The time overhead
of channel assignmentTA depends on the underlying algo-
rithm. For example,TA=0 for a non-cooperative channel as-
signment algorithm (ALG1) since it does not require messages
to be exchanged for channel assignment. On the other hand,
cooperative algorithms (ALG2–4) require message exchanges
with neighboring nodes and the time overhead depends on the
network density, especially the number of neighboring links.

Based on Fig. 4, the average time overheads of
Color-Switch, Color-Exchange, and SmartShare
can be approximated as shown in Eq. (16). Note that the time
overhead ofSmartShare in Eq. (18) depends on the algo-
rithm selected by the initiating node (i.e.,Color-Switch



E[T SW
A (Ψ)] ≈ [ tDIFS+ (Ψ + 1) · tSIFS+ tGET COLOR+Ψ · tUPDATE COLOR+ T back ] · (Ψ + 1) · niter = tSW · (Ψ + 1) · niter . (16)

E[T EX
A (Ψ)] ≈ [ 2 · tSW + 2 · tSIFS+ tEX REQUEST+ tEX REPLY] · (Ψ + 1) · niter = tEX · (Ψ + 1) · niter . (17)

E[T SS
A (Ψ)] ≈ [ ρ · tSW +(1− ρ) · ( tEX + tEX CONFIRM+ tEX ACK+2 · tSIFS)] · (Ψ+1) ·niter = [ ρ · tSW +(1− ρ) · tSS ] · (Ψ+1) ·niter. (18)

TABLE I
THE SYSTEM PARAMETERS FOR OUR PROPOSED ALGORITHMS

Parameter Value Comments

Ts 24 ms Channel-sensing duration

T back 72µs Average random backoff period

tDIFS 34µs DIFS time
tSIFS 16µs SIFS time

tMEASURE 146µs 2 × SIFS + RTS + CTS

tGET COLOR 172µs GETCOLOR duration
tUPDATE COLOR 132µs UPDATECOLOR duration

tEX REQUEST 96µs COLOREXREQUESTduration

tEX REPLY 44µs COLOREXREPLY duration
tEX CONFIRM 56µs EXCONFIRM duration

tEX ACK 44µs EXACK duration

or Color-Exchange), where ρ is the estimated ratio at
which the node decides to adoptColor-Switch over
Color-Exchange.

Eqs. (16), (17), and (18) indicate that the average time
spent on channel assignment depends on (i) the average node
densityΨ and (ii) the number of iterationsniter for message
exchanges, which is a design parameter. For example, assum-
ing Ψ = 4, niter = 2, and ρ = 0.985,5 the average channel-
assignment times areE[T SW

A ]= 10.18ms,E[T EX
A ]= 22.08ms,

and E[T SS
A ] = 10.38ms, which correspond to0.51%, 1.1%,

and0.52% of a time slot, respectively. Note that these channel-
assignment overheads are shorter than the time required to
probe a single channel,TS , implying that the time overhead
of the proposed algorithms would not significantly affect the
system performance, as will be evident in our simulation
results.

3) Airtime Share (φ): Considering the time overheads an-
alyzed above, the expected airtime share of secondary nodes
under policyΛ can be computed based on Eqs. (2), (15), (16),
(17) and (18), as follows:

φn(Ψ, ns, nalg,Λ)

=

[

1− TP (ns) + TA(Ψ, nalg)

τ

]+

· 1− δ
Mn(Λ) + 1

∀n, (19)

where

TA(Ψ, nalg) ,



















E[T SW
A (Ψ)] if nalg ∈ {2}

E[T EX
A (Ψ)] if nalg ∈ {3}

E[T SS
A (Ψ)] if nalg ∈ {4}

0 otherwise,
wherenalg is the index for the channel-assignment algorithms.
The protocol-related system parameters are listed in TableI,
where the parameter values are derived based on the MAC
frame formats in Fig. 5 assuming the IEEE 802.11a OFDM
PHY [32] for modulation and channel coding.

5This value was found from the Monte Carlo simulation over105 repeti-
tions.

TABLE II
THE PARAMETERS USED IN THE SIMULATION

Parameter Value Comments

Po 25mW Transmit power

No 5× 10−11 mW Noise power

γ 4 Path-loss exponent
σdB 5.5 Shadowing dB-spread

λ [100− 2800]/km2 Avg. secondary link density

di 20− 40m Secondary link distance
RI 60m Interference range

δ 0.3 Contention overhead

niter 3 Number of iterations
τ 2 s Time slot duration

β 0.95 β-maximal degree

We consider a CRN in which primary and secondary users
coexist in a5 × 5 km2 area. We assume that secondary links
are randomly distributed following a point Poisson distribution
with average densityλ, and secondary link distances are
uniformly distributed in [20, 40]m. We assume5 primary
transmitters randomly distributed in the area, each of which
randomly selects and utilizes one of10 licensed channels.
The primary interference range is assumed to be200m; any
secondary nodes located within this range can detect the
primary signal and will restrain from accessing the channel
if a primary signal is detected. Throughout the simulation,
we set the time-slot duration toτ = 2 s, considering the 2-
secondchannel detection time(CDT) in the IEEE 802.22
draft standard [23]. The shadow fading dB-spread is set to
σdB = 5.5dB, typically assumed in IEEE 802.22 (i.e., rural
areas) [23]. The channel-contention overhead is considered by
setting δ = 0.3, which is the average overhead in channel
access time due to contention in the IEEE 802.11b WLANs
over different data rates [33]. We assume that the number of
iterations for cooperative spectrum-sharing algorithms is fixed
at niter=3.6 The simulation parameters are listed in Table II.

B. Simulation Setup

To demonstrate the benefits of our contention-aware al-
gorithms, we evaluate the performance of the follow-
ing distributed spectrum-sharing algorithms: (1)Local
Best, (2) Color-Switch, (3) Color-Exchange, (4)
SmartShare, and (5) Distributed Collaborative Max-Sum
Bandwidth (D-CMSB).7 D-CMSB is a low-complexity dis-
tributed modification of theCMSB rule proposed in [34].
The basic idea ofCMSB is to maximize the network sum-
bandwidth by letting each secondary node select the best

6Our simulation result indicates thatSmartShare converges within3
iterations over90% of the time.

7D-CMSB performs channel selection simultaneously at secondary user
nodes, instead of sequentially assigning a color to each node, as proposed
in [34]. Thus,D-CMSB can be implemented using the same MAC protocol
designed forColor-Switch, thus significantly reducing the time overhead.
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Fig. 6. Comparison of the testing schemes: The figures show thatSmartShare outperforms the other testing algorithms in terms of (a) throughput, (b)
fairness, and (c) airtime. The average secondary link density is set toλ = 500/km2.

channel considering both channel heterogeneity and conflict
relations among neighboring nodes (see Section3 of [34] for
more details). The MAC protocols ofColor-Switch can be
used for exchanging color information forD-CMSB and this
algorithm will represent the performance of the conventional
interference-free spectrum-sharing algorithms.

C. Performance Metrics

To evaluate the performance of the above-mentioned algo-
rithms, we use the following three performance metrics.

1) Throughput: we measure the average achieved link
throughput, i.e., 1

|Vc|
∑

n∈Vc
Zn(Λ), of the algorithms.

2) Fairness:we measure the proportional fairness in spec-
trum sharing, i.e., 1

|Vc|
∑

n∈Vc
log(1+Zn(Λ)). Note that

we add 1 to the throughputZn to avoid the argument
of logarithm becoming 0.

3) Airtime: we measure the average achieved timeshare at
secondary nodes, i.e.,1|Vc|

∑
n∈Vc

φn(Λ), of the algo-
rithms.

Each simulation is performed on20 random topologies,
unless otherwise specified, and their averages are taken as the
performance measures.

D. Impact of Sensing Strategy

We first compare the proposed contention-aware algorithms,
and then compare them with the interference-freeD-CMSB.

Fig. 6(a) plots the average network throughput achieved
by the testing algorithms. We make three observations. First,
as expected, cooperative algorithms outperform the non-
cooperative algorithm, i.e.,Local Best, thanks to their
ability to resolve channel contention and exploit channel
heterogeneity. The throughput performance ofLocal Best
decreases as the number of probing channels increases due
to the increased sensing time overhead, whereas the perfor-
mance ofColor-Exchange improves with the number of
channels. There is an exception:Local Best outperforms
Color-Exchange with a small number of sensed channels
(i.e., ns < 3) where the benefit from exchanging channel-
condition information ofColor-Exchange is negligible,
while Local Best does not incur any time overhead.

Second, the achievable network throughput of
SmartShare exceeds that of the other cooperative
algorithms. The throughput ofSmartShare exhibits

concavity, indicating the tradeoff between the sensing
overhead and the potential throughput gain, i.e., the
throughput suffers with too small (large) a number of channels
from channel contention (sensing overheads). Note that
Color-Switch largely outperformsColor-Exchange
due to the limited applicability of the latter (i.e., both
secondary users must always agree on the exchange of the
color information), while the former allows more flexibility
in adjusting colors based on the neighbors’ color information.

Third, two of our cooperative contention-aware algorithms,
i.e., Color-Switch and SmartShare, outperform the
interference-freeD-CMSB, in spite of the fact that they achieve
less total airtime thanD-CMSB due to the channel contention
overhead, as shown in Fig. 6(c). This is because of their so-
phisticated spectrum-sharing mechanisms that jointly consider
the expected channel access time and heterogeneous channel
conditions.

Fig. 6(b) shows thatSmartShare achieves better fairness
than the interference-freeD-CMSB for all simulated scenarios.
SmartShare achieves better fairness even with a small
number of sensed channels, e.g.,ns ≤ 2, where D-CMSB
achieves a similar level of throughput, as shown in Fig. 6(a).
This is because our contention-aware algorithms guaranteethe
secondary users’ channel access in each time slot insofar as
at least one available channel is discovered via sensing. By
contrast,D-CMSB allows channel access to secondary users
only when there is no interfering link assigned the same
channel; otherwise, only one of the interfering nodes can
access the channel.

Fig. 6(c) plots the average achieved channel access time
(airtime) of secondary links. Interestingly,SmartShare
achieves at least98.3% of D-CMSB’s airtime, in spite of the
fact thatSmartShare suffers from the channel-contention
overhead, whereasD-CMSB does not experience any con-
tention due to its interference-free channel assignment. How-
ever,SmartShare achieves better throughput and fairness
as shown in Figs. 6(a) and 6(b), demonstrating its efficacy in
sharing the discovered spectrum opportunities.

E. Impact of Network Density

We now investigate the impact of network density on the
achievable network throughput withSmartShare. We ran
simulations under average secondary link densitiesλ ranging
from 1×10−4/m2 to 28×10−4/m2, with the corresponding
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for different secondary link densities. The results are obtained from simulations with50 random topologies.

average number of neighboring links of1.14 and 31.92, re-
spectively. Fig. 7(a) clearly shows that the number of channels
to be sensed should be adapted to the network density to
maximize the network throughput. The figure indicates that,
by sensing an optimal number of channels for given network
density, the throughput ofSmartShare can be improved by
up to60% over the scheme that senses only a single channel.

Fig. 7(b) shows that the optimal number,n∗
s, of channels to

be sensed varies with the secondary link density. It shows that
channel heterogeneity, i.e.,σdB = 5.5dB, results in sensing
a larger number of channels than the homogeneous channel
case, i.e.,σdB=0dB (AWGN). This is becauseSmartShare
can exploit heterogeneous channel conditions, and thus, the
throughput gain from channel heterogeneity compensates for
the increased sensing time overhead. Interestingly,n∗

s starts
to decrease as the number of neighboring links exceeds22.8,
i.e., λ=20×10−4/m2, as the throughput gain from reducing
the sensing time exceeds that from resolving channel-access
contention among neighboring links.

F. Impact of Shadow Fading

We now evaluate the impact of heterogeneous channel
conditions due to shadow fading on the performance of
SmartShare. Fig. 8 shows the average link throughput in
various shadow fading environments. The figure indicates that
SmartShare achieves higher throughput with heterogeneous
channels, i.e.,σdB > 0, than with homogeneous channels,
i.e., σdB = 0. An interesting observation is that the optimal
number,n∗

s, of channels to be sensed increases as shadow
fading becomes severer, i.e., higher dB-spreadσdB, thanks
to SmartShare’s ability to exploit heterogeneous channel
conditions. Therefore, we can conclude that channel hetero-
geneity is also an importance factor in designing an optimal
spectrum-sensing strategy.

G. Impact of Channel Availability

We study the impact of channel availability on the through-
put performance ofSmartShare. Fig. 9 plots the average
secondary link throughput for various channel idle probabili-
ties pidle, i.e., the probability that no primary signal exists in
the channel. The figure indicates that, whenpidle is high, it is
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Fig. 8. Impact of shadow fading: Channel heterogeneity due to shadow fading
encourages secondary nodes to sense more channels since thethroughput gain
from channel diversity can compensate for the throughput loss due to the
sensing overhead. The secondary links density is set toλ = 500/km2.

sufficient to sense a smaller number of channels to maximize
the throughput. However, aspidle decreases, it becomes de-
sirable to sense more channels to discover available channels
at the cost of sensing time overhead. Therefore, the channel
availability significantly affects the achievable throughput, and
must thus be considered in the design of a sensing strategy,
along with other factors such as network density, transmis-
sion power, and channel heterogeneity. While we assume all
the channels have samepidle, a more sophisticated sensing
strategy (e.g., [13], [15], [16]) can be used if channels have
differentpidles. Although the problem of channel selection and
ordering for sensing is an interesting problem, it is not within
the scope of this paper.

VIII. C ONCLUSION

An optimal spectrum-sensing scheme is of great importance
to the maximization of secondary network performance. In
this paper, we exploited the sensing–access tradeoff—between
spectrum sensing overhead and channel access of secondary
users—which has not been addressed adequately before. We
formulated the secondary network throughput maximization
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as MINLP, which turns out to be NP-hard. To analyze the
sensing–access tradeoff, we introduced a new concept of
(α, β)-contention spectrum sharing, then used the improper
list-coloring to derive the relationships between the channel
contention requirement, the network density, and the trans-
mission power level. We also proposed distributed contention-
aware spectrum-sharing algorithms, includingSmartShare,
and described how to realizeSmartShare in the 802.11
MAC protocol for its practical use and performance evalu-
ation. Our in-depth simulation demonstrated the efficacy of
SmartShare, and showed that it can enhance performance
up to 60% by exploiting the sensing–access tradeoff.
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