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ABSTRACT

We propose a reservation-based channel access policy for

multi-channel cognitive radio networks. To enhance the

throughput of secondary users (SUs), SUs are allowed to

select channels opportunistically according to both the local

channel state information (CSI) and the spectrum sensing

outcomes. SUs will then compete for the right of transmis-

sion on the chosen channel by emitting reservation packets to

the access point sequentially according to their local CSI. We

further devise a proper threshold on channel gains such that

only the SUs whose channel gains are sufficiently high can re-

serve channels and the interference from SUs to the licensed

network can be limited. A channel aware splitting algorithm

is adopted to schedule the SU with the highest channel gain to

transmit at each time instant. From simulations, the proposed

channel access policy outperforms the policies that take into

consideration only CSI or sensing outcomes.

Index Terms— cognitive radio, channel access policy,

multi-user diversity.

1. INTRODUCTION

In most countries, radio spectrum has been licensed for dif-

ferent wireless applications, but have not been utilized effi-

ciently [1]. This has motivated recent studies on cognitive

radio technology, which enables unlicensed (or secondary)

users to sense vacancies in the spectrum, to opportunistically

access the spectrum when it is vacant, and to retreat when-

ever the licensed (or primary) user returns. Many opportunis-

tic spectrum access policies have been proposed in the liter-

ature, e.g., in [2, 3]. In these works, secondary users (SUs)

are allowed to access the channel based on strategies that take

into consideration the spectrum occupancy states in different

channels of the primary user (PU). However, we argue that

when multiple SUs are present in the system, system through-

put can be further improved by utilizing channel-aware poli-

cies to exploit multiuser diversity. Hence, our goal is to de-

velop channel access policies that take into consideration both

the channel quality and the sensing outcomes.
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In conventional networks, multiuser diversity has been ex-

ploited to maximize system throughput by scheduling the user

with the highest channel gain to transmit in each time slot

[4, 5]. This scheduling policy requires a central control and

knowledge of the channel state information (CSI) of all trans-

mission links. This can be extremely resource-consuming,

especially in a network with large amount of users. Moti-

vated by these issues, distributed channel-aware scheduling

policies, such as those in [5, 6], have also been proposed and

have been shown to yield little loss in throughput. Specif-

ically, in these works, each user is allowed to determine its

transmission probability according to only its local CSI.

The main contribution of this work is to propose a channel

and sensing aware channel access policy for multi-channel

cognitive radio networks, where each SU will choose a chan-

nel to transmit on based on its knowledge of the channel

qualities and the spectrum sensing outcomes. This work ex-

tends upon our previous work in [7], where we proposed a

reservation-based MAC protocol for SUs in a single-channel

scenario. Specifically, in the beginning of each frame, SUs

will send out a reservation packet to compete for the channel.

The AP utilizes a channel-aware binary splitting algorithm to

resolve collision and, through the process, select the user with

the best channel to transmit. A lower threshold on the chan-

nel quality of transmitting SUs is set based on the sensing

outcome in order to limit the probability of collision between

SUs and PUs. In multi-channel cognitive radio networks,

each SU must additionally decide on which channel to ac-

cess before the reservation phase begins. On the one hand,

SUs that choose channels with large probability of being idle

may have little chance of winning the channel since it may

be overly congested. On the other hand, SUs that choose

channels with low probability of being idle may have a high

risk of colliding with PU. In this work, we propose a channel

selection algorithm for SUs that takes into consideration both

the sensing outcome and the local CSI.

2. SYSTEM MODEL

Consider a cognitive radio network with L backlogged SUs

communicating to an access point (AP), and the entire sec-

ondary network lies within the coverage area of PUs. Assume

that the spectrum belonging to PUs is partitioned into M
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Fig. 1. System flow of secondary networks.

equal-bandwidth channels. The spectrum of channel m will

be either idle or occupied by PUs, say, H(m)
0 or H(m)

1 . Sup-

pose PUs transmit in a slotted fashion. The presence or ab-

sence of PU signals on channel m can be characterized by the

prior probabilities v
(m)
i = Pr{H(m)

i is true on channel m}
for i = 0, 1. The AP of the secondary network will perform

spectrum sensing periodically by itself at the beginning of

each slot. Suppose that the AP has M sets of transceivers

and is capable of sensing all channels simultaneously and

then broadcast the sensing outcomes to all SUs. Denote

by {D(m)}M
m=1 ∈ {0, 1} the sensing outcomes of all chan-

nels, refering to the cases that the spectrum of channel m
is sensed to be {idle,busy}. The performance of spectrum

sensing can be characterized with the false alarm prob-

abilities {P (m)
FA }M

m=1 and the miss detection probabilities

{P (m)
M }M

m=1. Given the sensing outcomes, the probability of

channel m being idle is

ω(m)(D(m)) = Pr
{H(m)

0 is true
∣∣D(m)

}
(1)

=

⎧⎪⎨
⎪⎩

v
(m)
0 (1−P

(m)
F A )

v
(m)
0 (1−P

(m)
F A )+v

(m)
1 P

(m)
M

, if D(m) = 0,

v
(m)
0 P

(m)
F A

v
(m)
0 P

(m)
F A +v

(m)
1 (1−P

(m)
M )

, if D(m) = 1.

We refer to ω(D) =
(
ω(1)(D(1)), ..., ω(M)(D(M))

)
as the be-

lief vector under the sensing outcomes D = (D(1), ...,D(M)).
To improve spectrum utilization and avoid interference with

PU’s transmissions, SUs should carefully determine their

channel access policy with knowledge of the belief vector.

After sensing spectrum states, the AP will broadcast pilot

symbols to help each SU estimate the channel between the

AP to itself. Let γ
(m)
i be the channel gain on the m-th chan-

nel between SU i and the AP. Assume that γ
(m)
i is reciprocal

in uplink/downlink channels, and is identical and indepen-

dently distributed (i.i.d.) among users and across time with

density f(γ(m)
i ) and cumulative distribution function (CDF)

F (γ(m)
i ). Let define γ

i
= (γ(1)

i , γ
(2)
i , ..., γ

(M)
i ) as the local

CSI of SU i. Suppose that each SU is equipped with only

one set of transceiver such that it can access only one channel

at each time instant. Based on the local CSI and the sensing

outcomes (thus, the belief vector), each SU will select one

channel to access and then perform the channel reservation

on the chosen channel. Let denote by

φ
(m)
i (γ

i
, ω) : ([0,∞)M × [0, 1]M ) → [0, 1]

the probability that SU i decides to reserve and transmit on the

m-th channel, where φ
(m)
i is referred to as the channel selec-

tion policy of SU i on channel m with
∑M

m=1 φ
(m)
i (γ

i
, ω) =

1. Thereafter, we adopt the reservation-based MAC protocol

proposed in [7] where each SU will emit reservation packet

to the AP opportunistically on the chosen channel according

to its local CSI, and a channel-aware splitting algorithm is

used to resolve the collision among reservation packets from

different SUs. The system flow is shown in Fig.1.

When an SU transmits on the m-th channel, a collision oc-

curs if a PU is transmitting on the same channel. In order to

prevent collision with PU signals, SUs should carefully deter-

mine their transmission probability according to their belief

vector. To take into consideration the quality of the chan-

nels, each SU’s transmission probability can be controlled by

a channel-aware thresholding policy as proposed in [7], where

only SUs with channel gains greater than Γ(m)
lower(ω) are al-

lowed to reserve the channel. Let P
(m)
t (ω) be the probability

that at least one SU transmits on channel m given the belief

vector ω. As shown in [7], collision can be effectively re-

solved and the SU with the largest channel gain will always

prevail when the time slots in the reservation period is suf-

ficiently large. Hence, the transmission probability can be

approximated by

P
(m)
t (ω) ≈ Pr{at least one SU whose gain ≥ Γ(m)

lower(ω)}
= 1 − F (m)

max(Γ(m)
lower(ω)), (2)

where F
(m)
max(γ) is the CDF of the highest channel gain among

the SUs competing on channel m. For example, if there are

exact � SUs competing on channel m, F
(m)
max(γ) = [F (γ)]�.

To constrain that the probability of colliding with PUs should

not be greater than pcol, that is,

P
(m)
t (ω) ·

(
1 − ω(m)

)
≤ pcol, (3)

⇒ P
(m)
t (ω) ≤ min

{
1,

pcol(
1 − ω(m)

)
}

,m=1, ...,M, (4)

we should carefully choose appropriate {Γ(m)
lower(ω)}M

m=1 to

satisfy the above equation. However, the difficulty in design-

ing {Γ(m)
lower(ω)}M

m=1 is that the exact number of SUs compet-

ing on the same channel will depend on the channel selection

policy and can vary across time.

In the following, we devise a channel and sensing aware

channel access policy (including channel selection and reser-

vation threshold design) that maximizes SUs’ throughput un-

der a constraint on the probability of collision with PUs.

3. CHANNEL ACCESS POLICY

Since the CSI is i.i.d. among users and the belief vector will

be known at all SUs, maximizing the sum throughput of all

3142



SUs will be the same as maximizing the individual throughput

of each SU. Thus, for SU i, we shall optimize:

max
{φ

(m)
i ,Γ

(m)
lower

}
Eγ

i

[
M∑

m=1

φ
(m)
i (γ

i
, ω)ω(m)P(m)

i (γ(m)
i , ω)

×1
[γ

(m)
i ≥Γ

(m)
lower

(ω)]

2W

M
log

(
1 +

γ
(m)
i

2N0W/M

)]

subject to

M∑
m=1

φ
(m)
i (γ

i
, ω) = 1, (5)

φ
(m)
i (γ

i
, ω)∈ [0, 1], (1−ω(m))P (m)

t ≤pcol,∀m,

where N0 is the power spectral density of Gaussian noise, 2W
M

is the bandwidth of one channel, and

P(m)
i (γ(m)

i , ω)

� Pr

{
SU i’s channel gain higher than those of

other SUs competing on same channel

∣∣∣∣ ω, γ
(m)
i ,

Φ(m)
i =1

}
,

with Φ(m)
i being a Bernoulli random variable parameterized

by Pr{Φ(m)
i = 1} = φ

(m)
i (γ

i
, ω). The probability that SU i

will successfully reserve the channel m can be expressed as

P(m)
i (γ(m)

i , ω)

= E
[
1

[γ
(m)
i ≥γ

(m)
j ·Φ(m)

j ,∀j∈{1,...,L}]

∣∣∣ω, γ
(m)
i , Φ(m)

i = 1
]

=
L∏

j=1
j �=i

{
1 − E

[
1

[γ
(m)
i <γ

(m)
j ·Φ(m)

j ]

∣∣∣ω, γ
(m)
i , Φ(m)

i = 1
]}

.

Please note that, the probability P(m)
i (γ(m)

i , ω) is averaged

over all other SUs j’s channel gain, j 
= i. Moreover, since

the channel gain is assumed to be i.i.d., the selection pol-

icy φ
(m)
i is identical for all SUs and so is the probability

P(m)
i . However, finding the optimal channel selection policy

and thresholds {Γ(m)
lower} jointly by solving (5) is intractable.

Therefore, we propose a sub-optimal scheme that optimizes

the channel selection policy by maximizing the throughput

without considering the collision probability constraint (i.e.,

without considering the threshold {Γ(m)
lower}). Thereafter, based

on the sub-optimal selection policy, we tackle the collision

constraint by choosing appropriate thresholds.

3.1. Channel Selection Policy

We first simplify our optimization problem as

max
{φ

(m)
i }

Eγ
i

[
M∑

m=1

φ
(m)
i (γ

i
, ω)ω(m)P(m)

i (γ(m)
i , ω)

×2W

M
log

(
1 +

γ
(m)
i

2N0W/M

)]
(6)

subject to ΣM
m=1φ

(m)
i (γ

i
, ω) = 1, φ

(m)
i (γ

i
, ω) ∈ [0, 1],∀m.

Although we have removed the collision constraint, the prob-

lem is still hard to deal with since the selection policy is

still embedded in the derivation of probability P(m)
i (·). By

observing the above problem, if the probability functions

P(m)
i (γ(m)

i , ω) are known, the maximization problem be-

comes a linear programming (LP) program, where the opti-

mal channel selection policy is given by

φ
(m)
i (γ

i
, ω) = 1

[G
(m)
i (γ

(m)
i ,ω)≥G

(m′)
i (γ

(m)
i ,ω),∀m′ �=m]

, (7)

and G
(m)
i (γ(m)

i , ω)�ω(m)P(m)
i (γ(m)

i , ω) log
(
1+ γ

(m)
i

2WN0/M

)
.

Moreover, given the selection policy in (7), the probability

that SU i successfully reserves channel m is given by

P(m)
i (γ(m)

i , ω) (8)

=
L∏

j=1
j �=i

{
1 −

∫ ∞

γ
(m)
i

E
γ

j
\γ

(m)
j

[
1

[G
(m)
j ≥G

(m′)
j ]

]
f(γ(m)

j )dγ
(m)
j

}
.

The channel selection policy can be solved by the proposed

iterative algorithm.

Initialization: All SUs are equally distributed among all

channels, thus, P(m)
i (γ(m)

i , ω) = [F (γ(m)
i )](L−1)/M , m =

1, ...,M , where (L − 1)/M is the number of competitors on

channel m against SU i.

Step 1: For any γ
i
, given ω and P(m)

i (γ(m)
i , ω), update the

channel selection policy as given in (7).

Step 2: Update the successful reservation probability as (8).

Repeat Step 1-2 until φ
(m)
j and P(m)

i converge.

3.2. Reservation Threshold

Given the channel selection policy derived from the proposed

iterative method, the CDF of the highest channel gain on

channel m among SUs selecting channel m can be given by

F (m)
max(γ) = E

[
1

[γ≥γ
(m)
j ·Φ(m)

j ,∀j∈{1,...,L}]

∣∣∣ω]

=
L∏

j=1

{
1 −

∫ ∞

γ

E
γ

j
\γ

(m)
j

[
1

[G
(m)
j ≥G

(m′)
j ]

]
f(γ(m)

j )dγ
(m)
j

}
.

By (2)-(4), the optimal thresholds that maximize the through-

put of SUs and satisfy the interference constraint can be nu-

merically solved by

Γ(m)
lower(ω)=(F (m)

max)−1

(
1 − min

{
1,

pcol

1 − ω(m)

})
,∀m. (9)

4. SIMULATION

Consider a cognitive radio network operated in a licensed

spectrum with bandwidth W = 3 MHz and noise variance
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Fig. 2. Throughput with identical channels.
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Fig. 3. Throughput with non-identical channels.

N0 = 10−6 watts/Hz, where the whole spectrum is parti-

tioned into 3 equal-bandwidth channels. Suppose that the

idle probabilities of the 3 channels are v
(m)
0 = 0.5 for all

m and the interference probability constraint on each chan-

nel is pcol = 0.05. The AP of secondary networks senses

the spectrum states periodically with errors PFA = 0.1 and

PM = 0.05. The channel gain between each SU to the AP

is exponentially distributed with mean equal to 4. Fig. 2

shows the network throughput under the proposed channel

and sensing aware channel access policy and the other two

strategies. Under the gain-based policy, each SU selects the

channel with the best channel quality regardless of the sensing

outcomes. Under the belief-based policy, each SU always se-

lects the channel whose idle probability is the highest among

the three, leaving the other two channels unused even if they

are idle. Hence, the throughput under the belief-based policy

may be much worse than the other two policies. The reason

that the throughput drawn from gain-based strategy almost

reaches that under the proposed strategy is because that the

idle probabilities among channels are identical.

Suppose that the idle probabilities among channels are

asymmetric, let say, v
(1)
0 = v

(2)
0 = 0.1, v

(3)
0 = 0.9, the

throughput is depicted in Fig. 3. The intuition behind this fig-

ure is that, when the difference of idle probabilities is large,

the belief-based channel access policy may outperform the

gain-based strategy, especially when the number of SUs are

small. Choosing the channel with the highest gain is not al-

ways a good policy when the idle probabilities diverse. How-

ever, if the number of SUs increases, that is, the multi-user

diversity gain increases, the gain-based policy will be bet-

ter than the belief-based policy again. By the way, our pro-

posed channel and sensing aware channel access policy actu-

ally captures the feature of both gain-based and belief-based

policies, and, thus, strikes a good balance between them.

5. CONCLUSION

We proposed a channel and sensing aware channel access

policy for multi-channel cognitive radio networks. Each SU

will choose one channel to access according to both the sens-

ing outcomes and the local CSI to improve its throughput,

and then reserve for transmission on the chosen channel if

its channel gain is sufficiently large. An iterative algorithm

was proposed to devise the channel selection policy. Our pro-

posed reservation-based channel access policy outperforms

the cases when SUs access the channel based on only the

knowledge of local CSI or idle probabilities of all channels.
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