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Abstract In this paper, we consider underlay cognitive

radio (CR) networks where an amount of interference

caused by secondary stations (STAs) has to be kept below a

predefined level, which is called interference temperature.

We propose opportunistic p-persistent carrier sense multi-

ple access schemes for the CR networks, which oppor-

tunistically exploit wireless channel conditions in

transmitting data to the secondary access point. We also

devise an adaptive interference-level control technique to

further improve quality-of-service of a primary network by

limiting the excessive interference due to collisions among

STAs. The performances of the proposed schemes are

mathematically analyzed, and they are validated with

extensive computer simulations. The simulation results

show that the proposed schemes achieve near optimal

throughput of the secondary network while they are

backward-compatible to the conventional p-persistent

CSMA scheme.

Keywords Cognitive radio network � Spectrum sharing �
Random access � CSMA � Interference temperature

1 Introduction

Recently, cognitive radio (CR) technology [3, 4] has been

considered as an attractive solution for utilizing scarce

radio resource in an efficient way. In the CR technology,

the secondary (unlicensed) users, coexisting with primary

(licensed) users, are allowed to utilize the spectrum of the

primary users (PUs) as long as the amount of interference

caused by secondary transmitters to a primary receiver

(PR) is below the predefined threshold1 [5–7].

The study of CR technology was initially inspired by an

interference temperature model, which was proposed by

the Federal Communication Commission (FCC) in 2003 as

a means of regulating the received interference temperature

at a PR [8]. Although the study item of the interference

temperature model was terminated in 2007 [9], many

recent academic studies have been conducted regarding CR

technology afterwards, especially, in the area of scheduling

and resource allocation in CR systems [6, 7, 10–18].

1.1 Recent research on CR systems

and decentralized scheduling in CR systems

The fundamental capacity of a CR system was studied in

[14] and [15] under additive white Gaussian noise

(AWGN) and fading channel environments, respectively.

Later, research in [6] studied the capacity limit of a CR

system with multiple secondary users (SUs). Specifically,

the authors in [6] proposed a centralized resource man-

agement for the SU network, which performs an efficient

resource allocation, while the allowable interference con-

straint at the PR is not violated. However, in order to

This paper was presented in part at IEEE WCNC 2010 and IEEE

MTT-S IMWS 2011 [1, 2].
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perform the optimal scheduling proposed in [6], all SUs

must exchange full or partial information on the interfer-

ence channel between secondary transmitter and the PR,

which can result in huge signaling overhead, especially

when the number of users in the secondary network

increases. This kind of centralized schemes for CR systems

has limited applications in practice due to high signaling

overhead. Accordingly, a decentralized schemes with low

signaling overhead will be preferable2.

In the light of its necessity, decentralized scheduling

schemes, i.e., medium access control (MAC) protocols, for

CR systems have been investigated extensively

[17, 18, 21–29]. In [21], the authors assumed that primary

and secondary systems share the same frame structure.

Based on the partially-observed Markov decision process

(POMDP) framework, the access strategies for the sec-

ondary system to exploit spectrum holes between bursty

transmissions of a PU were proposed. The CSMA based

practical and heuristic decentralized MAC protocols were

proposed in [22, 23]. Decentralized maximum weight

scheduling for CR systems using queue length was pro-

posed in [18]. Moreover, the bandwidth and delay of

CSMA based MAC for CR systems were investigated in

[17]. Futhermore, in [24], the authors considered the

decentralized MAC protocol for heterogeneous CR net-

work, where unfairness problems caused by uncoordinated

PU detection ability and uncoordinated spectrum unit size

were taken into account.

The joint optimization of spectrum access and other

aspects of system was also investigated [25, 26]. To be

more specific, cooperative power and contention control

MAC was proposed in [25], where both multichannel

hidden terminal problem and exposed terminal problem

were taken into account. Moreover, the authors of [26]

proposed a decentralized cognitive MAC which jointly

optimizes spectrum sensing and spectrum access. Further-

more, in [27], the decentralized MAC protocol for an ad

hoc CR network was proposed where historical prediction

method was utilized to predict the arrival of PUs, and the

utilization of channel negotiation window by CR network

was also considered. In addition, the use of full-duplex

transmission to solve the problem related to collision

among SUs was considered in [28], in which the collision

ratio, spectrum usage ratio and optimal contention window

size were analytically derived. Finally, the testbed for

validating decentralized multichannel cognitive MAC

protocol was implemented using Universal Software Radio

Peripheral (USRP) in [29].

One common drawback of decentralized MAC protocols

is that it is unable to efficiently exploit time-varying

channel condition, i.e., opportunistic scheduling, unlike

centralized MAC protocols [30, 31], due to the lack of

global instantaneous channel condition. In other words, the

achievable throughput of decentralized MAC protocol is

lower compared to that of a centralized approach. Afore-

mentioned works did not consider this problem in the

decentralized MAC protocol. Recently, the authors of [32]

and [33] proposed a novel way to use opportunistic

scheduling in the decentralized MAC. Especially in [33],

instantaneous local channel condition was used to prioritize

users waiting to send packets to a common access point

where the upper bound of throughput which can be

achieved with the use of a centralized scheduler, can be

obtained in a distributed scheme. It should be noted that the

opportunistic scheduling proposed in [33] is easy to

implement because each node adjusts its transmission by

comparing its channel condition with given thresholds.

Although the use of opportunistic scheduling in decen-

tralized CR MAC is beneficial, to the best of our knowl-

edge, the use of opportunistic scheduling in decentralized

CR MAC has not been properly taken into account in the

literature [1, 17, 18, 21–29].

1.2 Main contributions

We herein propose cognitive opportunistic p-persistent

CSMA (COpCSMA) schemes as decentralized MAC pro-

tocols for CR systems. The contributions of this paper are

as follows:

• Novel decentralized opportunistic random access

schemes for CR networks, which we denote as

COpCSMA schemes, are devised. The proposed

COpCSMA schemes efficiently exploit the opportunity

in the channel between the secondary stations (STAs)

and the secondary access point (SAP), i.e., signal

channel, and also the channel between the STAs and

the PR, i.e., interference channel, such that the optimal

throughput can be achieved in a decentralized

scheme where the global instantaneous channel condi-

tion is not needed. The use of opportunistic scheduling

is the main difference of our work compared with our

previous work [1] and previous works on decentralized

MAC protocols for CR systems [17, 18, 21–29]. The

proposed COpCSMA schemes are fast-to-market

because they are backward compatible to the conven-

tional CSMA schemes. We also propose an adaptive

interference-level control scheme to further improve

2 Most emerging wireless applications, such as vehicle-to-vehicle

(V2V) communications, vehicle-to-infrastructure (V2I) communica-

tions, or millimeter wave communications, operate in a decentralized

manner. For instance, the IEEE 802.11p system [19, 20], which is also

called the wireless access in vehicular environments (WAVE)

protocol, is based on the carrier sense multiple access with collision

avoidance (CSMA/CA) protocol which is one of the most popular

distributed scheduling algorithm.
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the QoS of the primary network, which has not been

proposed in neither our previous work3 [1] or previous

works on decentralized MAC protocols for CR systems

[17, 18, 21–29].

• We provide a rigorous mathematical analysis on the

throughput of the proposed COpCSMA schemes.

Moreover, through numerical results, we also verify

the correctness of our analysis and evaluate the

performance of the proposed COpCSMA schemes.

Furthermore from numerical results, we find that the

nearly optimal throughput can be achieved using our

proposed scheme while assuring the QoS of the primary

users.

The rest of the paper is organized as follows. In Sect. 2, the

system model considered in this paper is described. The

conventional p-persistent CSMA scheme and the transmit

power control scheme considering the CR environment are

provided in Sect. 3. The proposed COpCSMA schemes are

depicted and the performance of proposed schemes are

mathematically analyzed in Sect. 4. An adaptive interfer-

ence-level control scheme for improving the QoS of the

primary network is given in Sect. 5. Our numerical results

are given in Sects. 6 and 7 concludes the paper.

2 System model

Figure 1 shows a system model with a single SAP, multiple

STAs, and a single PR utilizing the same spectrum band.

We assume that each STA accesses the channel and

transmits its data in a decentralized and randomized man-

ner. Given that the primary network has the priority for the

band, the secondary network, i.e., SAP and STAs, is

required to control its transmission such that the QoS

constraints imposed by the PR is not violated.

In the system model, STAs communicate with the SAP

through quasi-static fading channels such that the fading

remains unchanged until the transmission of a packet is

finished and it changes at the beginning of a new random

access process. When the STAi accesses the channel, the

received signal of the SAP, y, is given by

y ¼ hixi þ ni; ð1Þ

where hi indicates a channel coefficient between the STAi

and the SAP, which follows a Rayleigh distribution with

the parameter
ffiffiffiffi

lH
2

q

. In (1), xi is the transmitted signal of

STAi whose power is Pi and ni is the thermal noise which

is modeled as AWGN. Herein, the power density of noise

is assumed to be 1 and the maximum transmit power of a

STA is assumed to be P. Furthermore, we let gi be the

channel coefficient between the STAi and the PR
4, which is

also modeled as a Rayleigh distributed random variable

with the parameter
ffiffiffiffi

lG
2

q

. In addition, both hi and gi are

assumed to be independent and identically-distributed

(i.i.d.).

For a simpler expression, we define gi,jhij2 and

ci,jgij2. Note that both gi and ci follow an exponential

distribution. Therefore, the probability density function

(PDF) of gi and ci, which we denote as fgðxÞ and fcðyÞ, can
be written as follows.

fgðxÞ ¼
1

lH
e
� x

lH

fcðyÞ ¼
1

lG
e
� y

lG :

It is worth noting that gi can be obtained by measuring

the signal strength of the received packet from the SAP.

Similarly, ci can be obtained by overhearing the preamble

transmitted by the PR when the PR operates as a

transmitter.

Herein, we assume that the achievable rate of STAs can

be specified by the Shannon formula, i.e., the rate of STAi

becomes log2 1þ Pigið Þ. When STAi transmits its data, the

PR is affected by the undesired interference with the power

ciPi. In order to guarantee the QoS of the PR, an allowable

interference-level Q can be used5. Based on the value of Q,

the STAs can control their transmit power appropriately

not to disturb the PR, i.e., STAi adjusts its transmit power

to satisfy the following inequality.

ciPi �Q: ð2Þ

It should be noted that when more than one STA transmit

data, the amount of total interference can exceed Q. This

case will be taken into account in Sect. 5.

3 p-Persistent CSMA with transmit power control

3.1 Conventional p-persistent CSMA

The CSMA protocols have been widely used in modern

wireless communication systems such as WLAN due to

their flexibility. Especially, p-persistent CSMA (pCSMA)

in which a node transmits with probability p and defers

with the probability ð1� pÞ when the shared medium is

3 In addition to this difference, we have also considered more

sophisticated transmit power control scheme in our work compared

with our previous work [1].

4 In this paper, we assume that the number of PR is one. However,

when multiple PRs coexist, gi can be selected by referring the channel

condition of the PR whose channel gain is largest, i.e., lG is highest.
5 The proper value of Q can be notified by the PR or the SAP.
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idle [34], is one of the most popular schemes, e.g., the

MAC protocol of the IEEE 802.11 system can be approx-

imated by the pCSMA [35].

The operational procedure of the conventional pCSMA

is depicted in Fig. 2. In the pCSMA protocol, the system

operates in time-slotted manner whose slot size is set to a

in this paper, and all transmissions start at the beginning of

a slot. We assume that the length of a transmission period

(TP) is 1 for all transmissions. If one STA transmits a

packet at time t ¼ 0, all the other STAs have to wait until

t ¼ 1þ a such that ongoing transmission is terminated.

Packets from STAs can be modeled as a Poisson process

with offered load G, which is related to the average number

of active STAs in the system [33]. Given that multiple

STAs can contend for the shared medium at the beginning

of slot, the TP of STA can be started after random delay

which we denote as the initial random transmission delay

(IRTD).

For the conventional pCSMA, the number of success-

fully transmitted bits per unit time, ScðG; p; aÞ, can be

calculated as follows [33].

ScðG; p; aÞ ¼
ð1� e�aGÞRc

ð1� e�aGÞ½at0p0 þ atð1� p0Þ þ 1þ a� þ ap0
;

ð3Þ

where t and t0 denote the average length of the IRTD before

the first and the other TPs, respectively [34]. Furthermore,

pn is defined as

pn ¼ e½�ð1þaÞG� ½ð1þ aÞG�n

n!
: ð4Þ

In addition, Rc represents the expected sum rate over the

channel fading statistics and is given in a closed-form as

Rc ¼ R0

X1
n¼0

pnpsðnÞ: ð5Þ

In (5), psðnÞ, which is given as
npð1�pÞn�1

1�ð1�pÞn , represents the
probability that a packet is successfully transmitted without

any collision in the presence of n STAs. Note that R0 is the

ergodic capacity of a single transmission and it can be

given as follows.

R0 ¼
Z 1

0

fgðgÞ log2ð1þ gÞdg

¼ e
1
lH

ln 2
E1

1

lH

� �

;

ð6Þ

where fgðgÞ is the PDF of the signal channel gain g and

E1 xð Þ represents an exponential integral [36], which can be

defined as follows.

E1 xð Þ ¼
Z 1

x

e�udu

u
: ð7Þ

3.2 Transmit power control considering CR

networks

The conventional pCSMA was designed without consid-

ering the CR environment in which interference constraint

exists such that it cannot be directly applicable to the CR

networks, i.e., the amount of interference caused to the PR

can exceed the maximum allowable level, Q.

To overcome this problem, a p-persistent CSMA with

transmit power control (pCSMA-TPC) can be devised.

Specifically, in the pCSMA-TPC, the transmit power of the

STAi, PiðcÞ, is controlled according to the channel gain ci,
in order to satisfy the QoS of the primary network, i.e., the

interference constraint (2). Accordingly, PiðcÞ can be

derived as

PiðciÞ ¼
P; ci �Q=P

Q=ci; ci [Q=P

(

; ð8Þ

where P is the maximum transmit power.

Then, the expected sum rate of the pCSMA-TPC

scheme is written as

Rp ¼ Rp;1

X

1

n¼0

pnpsðnÞ: ð9Þ

In (9), Rp;1 is the expected value of achievable capacity for

successful transmission without collision, which can be

given by

Rp;1 ¼
Z 1

0

Z 1

0

fCðcÞfgðgÞ log2ð1þ PiðcÞgÞdgdc; ð10Þ

where fCðcÞ is the PDF of the interference channel gain c.
By referring the transmit power control rule in (8), Rp;1

can be further summarized as shown below.

Secondary AP
(SAP)

Primary Receiver
(PR)

Secondary Station 1
(STA1)

Secondary Station 2
(STA2)

Secondary Station n
(STAn)

h1

h2

hn

g1

g2

gn...

Fig. 1 System model
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Rp;1 ¼
Z Q=P

0

Z 1

0

fCðcÞfgðgÞ log2ð1þ PgÞdgdc

þ
Z 1

Q=P

Z 1

0

fCðcÞfgðgÞ log2 1þ Q
g
c

� �

dgdc

¼ Eg log2ð1þ PgÞ
� �

FC Q=P
� �

þ
Z 1

Q=P

Z 1

0

fCðcÞfgðgÞ log2 1þ Q
g
c

� �

dgdc;

ð11Þ

where Eg½�� represents an expectation over the channel gain

gi and FCð�Þ is a cumulative density function (CDF) of an

interference channel gain ci.
Unfortunately, the closed-form of Rp;1 does not exist.

Instead, we derive the lower bound of Rp;1 using Jensen’s

inequality based on the fact that the function log2 1þ 1
x

� �

is

convex for x[ 0. The lower bound can be derived as

follows.

Rp;1 � Eg log2ð1þ PgÞ
� �

FC Q=P
� �

þ
Z 1

0

fgðgÞ log2 1þ Qe
Q

PlG

lG þ Q

P

g

0

@

1

Adg

¼ e
1

PlHE1

1

PlH

� �

1� e
� Q

PlG

� �

þ e

lGþQ

P

Qe

Q

PlG

 !

E1

lG þ Q

P

Qe
Q

PlG

0

@

1

A:

ð12Þ

4 Opportunistic p-persistent CSMA schemes
for CR networks

In a pCSMA-TPC scheme, each STA accesses the medium

with the fixed probability p while transmit power is

adjusted according to the interference channel gain. How-

ever, there is no exploitation of the channel opportunity6 in

wireless channels, i.e., gi and ci for the control of medium

access. Therefore, in this section, we propose COpCSMA

schemes by exploiting both gi and ci in medium access.

More specifically, in the COpCSMA schemes, each STA

decides whether to access the medium by comparing gi
and/or ci with its predetermined threshold7, which is

determined using the statistics of the wireless channel.

Given that both the signal and the interference channels

have intrinsic randomness, the channel access will be

performed in a random manner.

Herein, we first propose a COpCSMA-I scheme which

only exploits the interference channel ci. With this scheme,

a STA with smaller interference channel gain, i.e., ci is
small, has the higher priority to access the medium,

because the STA with small ci is likely to transmit with

higher power which results in the improvement of system

throughput. Secondly, a COpCSMA-II scheme is proposed

where each STA accesses the medium in the order of

higher channel gain, gi. Finally, COpCSMA-III is devised

using both interference and signal channel gain, i.e., ci and
gi. The detailed explanation on each scheme is given

follows.

4.1 COpCSMA-I: Considering interference channel

gain only

In a COpCSMA-I scheme, we only exploit channel

opportunity in the interference channel, ci. More specifi-

cally, in the COpCSMA-I scheme, a set of thresholds

related to the statistics of interference channel gain ci, is
assigned to each STA. Given that the interference channel

statistics for all STAs are the same, all STAs share a single

set of thresholds, which we denote as fT0; T1; . . .; Tk; . . .g
where Tk’s are designed in increasing order. When the

STAi has not yet accessed the medium until the ðk � 1Þ-th

Transmission 
Period (TP)

IRTD

a

Busy 
Period

Idle
Period

Idle
Period

Normalized
Time

Fig. 2 Operation of the

conventional p-persistent

CSMA

6 The exploitation of the channel opportunity means that the

transmission of STAs is adjusted according to randomly varying

channel conditions. For example, the STA with high signal channel

gain can be selected in scheduling to achieve higher throughput.

7 This technique of using statistics of the wireless channel for

determining the threshold is motivated by [33], and we extend it to

various CR scenarios in this paper. The proposed schemes differ from

the scheme of [33] in the design of thresholds and medium access

mechanism.
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backoff slot, the STAi accesses the medium if the follow-

ing inequality holds.

ci\Tk: ð13Þ

Note that the STA with smaller ci has higher chance to

access the medium because the threshold Tk is increasing in

order.

Then, the channel access probability of STA at backoff

stage k is given by

Pðci\Tkjci [ Tk�1Þ ¼
FCðTkÞ � FCðTk�1Þ

1� FCðTk�1Þ
: ð14Þ

In our COpCSMA schemes, we set the same probability

p of channel access for all backoff stages, such that

Pðci\Tkjci [ Tk�1Þ ¼ p; 8k, where T�1 ¼ �1. By using

the same access probability for all backoff states, the

operation of the proposed COpCSMA schemes becomes

almost the same with that of conventional pCSMA

schemes, such that the proposed scheme will be backward

compatible to the conventional pCSMA scheme, i.e., it is

easy to be applied in current wireless systems. In this case,

the threshold Tk can be determined as follows.

Tk ¼F�1
C ð1� ð1� pÞkþ1Þ

¼ � lG ln ð1� pÞkþ1
	 


:
ð15Þ

Once a STA satisfies the channel access condition in (13),

the transmit power can be adjusted according to (8). Then,

the expected sum rate for COpCSMA-I, which we denote

as RI, is given as

RI ¼ p0RI;1 þ ð1� p0ÞRI;2; ð16Þ

where RI;1 ¼ Rp;1 in (10), which is the achievable rate

when a single STA contends for the medium. Moreover,

RI;2 is the expected sum rate when multiple STAs are

considered, which is given as follows.

RI;2 ¼
X

1

n¼1

pn
1� pn

ps nð Þ
X

1

k¼0

pK kð ÞRI;0 kð Þ; ð17Þ

where pKðkÞ ¼ ð1� pÞknð1� ð1� pÞnÞ, represents the

probability that at least one STA transmits at the backoff

slot k. Furthermore, RI;0ðkÞ is the expected sum rate at the

backoff slot k and it is given as follows.

RI;0ðkÞ ¼
Z Q=P

0

Z 1

0

fg gð ÞfC cjTk�1 �C\Tkð Þ � log2 1þ Pg
� �

dgdc

þ
Z 1

Q=P

Z 1

0

fg gð ÞfC cjTk�1�C\Tkð Þ � log2 1þ Q
g
c

� �

dgdc

¼ Eh log2 1þ Pg
� �� �

Z Q=P

0

fC cjTk�1 �C\Tkð Þdc

þ
Z 1

Q=P

Z 1

0

fg gð ÞfC cjTk�1�C\Tkð Þ � log2 1þ Q
g
c

� �

dgdc:

ð18Þ

The first term of (18) can be further derived as

Eg log2 1þ Pg
� �� �

Z Q=P

0

fC cjTk�1 �C\Tkð Þdc

¼ðaÞ

0; Q=P\Tk�1

FCðQ=PÞ � FCðTk�1Þ
FCðTkÞ � FCðTk�1Þ

e
1

PlH

lnð2ÞE1

1

PlH

� �

; Tk�1 �Q=P\Tk

e
1

PlH

lnð2ÞE1

1

PlH

� �

; Tk �Q=P

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ð19Þ

where (a) holds due to the following equality.

fC cjTk�1 �G\Tkð Þ ¼
fCðcÞ

FCðTkÞ � FCðTk�1Þ
; Tk�1 � c\Tk

0 otherwise

:

8

<

:

ð20Þ

Furthermore, the second term of (18) can be obtained as

shown below.
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where (b) holds due to the Jensen’s inequality. Note that

the lower bound of the expected sum rate for COpCSMA-I

scheme can be obtained using the last inequality of (21).

4.2 COpCSMA-II: Considering signal channel gain

only

In a COpCSMA-II scheme, only the signal channel gain,

i.e., gi, is exploited in the opportunistic medium access.

The operation of medium access is almost the same as that

of the COpCSMA-I scheme except gi is used in deter-

mining when to access medium. In fact, the set of thresh-

olds and its access process of the COpCSMA-II

scheme can be derived by referring the opportunistic

pCSMA (OpCSMA) proposed in [33]. Specifically, the set

of thresholds for the COpCSMA-II scheme can be obtained

using the following equation.

Tk ¼ f�1
g ðð1� pÞkþ1Þ

¼ � lH ln 1� ð1� pÞkþ1
	 


:
ð22Þ

It should be noted that the difference between the

COpCSMA-I scheme and the COpCSMA-II scheme is that

the set of thresholds in the COpCSMA-II scheme are in

decreasing order while the set of thresholds in the

COpCSMA-I scheme are in increasing order.

At the backoff slot k, each STA accesses the medium if

gi [ Tk. Accordingly, the expected sum rate of the

COpCSMA-II scheme, which we denote as RII, can be

given as

RII ¼ p0RII;1 þ ð1� p0ÞRII;2: ð23Þ

Same as in (16), RII;1 in (23) is the achievable rate when

only one STA contends for the medium such that

RII;1 ¼ Rp;1. Moreover, RII;2 which corresponds to the

achievable rate when multiple STAs are contending in

medium access, can be obtained by replacing RI;0ðkÞ in

(17) with RII;0ðkÞ, where RII;0ðkÞ is given by

Z 1

Q=P

Z 1

0

fg gð ÞfC cjTk�1 �C\Tkð Þ log2 1þ Q
g
c

� �

dgdc

¼

R Tk
Q=P

R1
0

fg gð ÞfC cð Þ � log2 1þ Q
g
c

� �

dgdc

FCðTkÞ � FCðTk�1Þ
; Tk�1 �Q=P\Tk

R Tk
Tk�1

R1
0

fg gð ÞfC cð Þ � log2 1þ Q
g
c

� �

dgdc

FCðTkÞ � FCðTk�1Þ
; Q=P\Tk�1

0; Tk �Q=P

8
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>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

:

�
ðbÞ

exp
1

e
�Q=P

lG ½lG þ Q

P
� � e�Tk=lG ½lG þ Tk�

0

B

B

@

1

C

C

A

E1

1

e
�Q=P

lG ½lG þ Q

P
� � e�Tk=lG ½lG þ Tk�

0

B

B

@

1

C

C

A

� 1

lnð2ÞðFCðTkÞ � FCðTk�1ÞÞ
; Tk�1 �Q=P\Tk

exp
1

e�Tk�1=lG ½lG þ Tk�1� � e�Tk=lG ½lG þ Tk�

� �

�E1

1

e�Tk�1=lG ½lG þ Tk�1� � e�Tk=lG ½lG þ Tk�

� �

� 1

lnð2ÞðFCðTkÞ � FCðTk�1ÞÞ
;Q=P\Tk�1

0; Tk �Q=P

8
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>

>

>
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>

>

>
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>

:

ð21Þ
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RII;0ðkÞ ¼
Z Q=P

0

Z 1

0

fg gjTk�1[H�Tkð ÞfC cð Þ � log2 1þ Pg
� �

dgdc

þ
Z 1

Q=P

Z 1

0

fg gjTk�1 [H�Tkð ÞfC cð Þ � log2 1þ Q
g
c

� �

dgdc

¼ð1� e
� Q

PlGÞCHðP; Tk; Tk�1Þ
fgðTk�1Þ � fgðTkÞ

þ
R1
Q=P

R Tk�1

Tk
fgðgÞfCðcÞ log2ð1þ Q g

cÞdgdc
fgðTk�1Þ � fgðTkÞ

�
ðcÞ ð1� e

� Q

PlGÞCHðP;Tk; Tk�1Þ
fgðTk�1Þ � fgðTkÞ

þ

R Tk�1

Tk
fgðgÞ log2 1þ Qe

Q

PlG

lGþQ

P

g

 !

dg

fgðTk�1Þ � fgðTkÞ

¼ ð1� e
� Q

PlGÞCHðP; Tk; Tk�1Þ
fgðTk�1Þ � fgðTkÞ

þ
CH

Qe

Q

PlG

lGþQ

P

; Tk; Tk�1

 !

fgðTk�1Þ � fgðTkÞ
;

ð24Þ

where (c) holds due to the Jensen’s inequality and

CHðP; a; bÞ can be denoted as follows.

CHðP; a; bÞ ¼
Z b

a

fgðgÞ log2ð1þ PgÞdg

¼ e
�aþb

lH

lnð2Þ e
b
lH lnð1þ PaÞ � e

a
lH lnð1þ PbÞ

	

þe
1þPaþPb

þPlH E1

1þ Pa

PlH

� �

� E1

1þ Pb

PlH

� �� ��

:

ð25Þ

4.3 COpCSMA-III: Considering both signal

and interference channel gain

In the COpCSMA-III scheme, we assume that the STAi

utilizes both the instantaneous signal and interference

channel gains, i.e., ci and gi, in determining when to access

the medium. To this end, we propose the effective channel

gain, fi, as follows.

fi,PiðciÞ � gi

¼
Pgi; ci �Q=P

Qg
ci

; ci [Q=P

8

<

:

:
ð26Þ

The CDF of the effective channel gain is found as

FFðxÞ ¼ 1� e
� x

PlH þ lGx
lGxþ lHQ

� �

e
� x

PlH
þ Q

PlG

	 


; ð27Þ

where the detailed derivation is given in Appendix.

Given that Pr fi [ Tkjfi\Tk�1f g ¼ FFðTk�1Þ�FFðTkÞ
FFðTk�1Þ , the set

of thresholds that maintains the medium access probability

p for each step can be determined as follows8.

Tk ¼F�1
F ð1� pÞkþ1
	 


: ð28Þ

The expected sum rate of the COpCSMA-III scheme is

obtained from that of the COpCSMA-I scheme by replac-

ing RI;0 in (17) with RIII;0ðkÞ, which is given as follows.

RIII;0ðkÞ ¼
Z 1

0

fFjTk�1[F�Tkðf jTk�1[F�TkÞ log2ð1þ f Þdf

¼ 1

FFðTk�1Þ�FFðTkÞ

Z Tk�1

Tk

fFðf Þ log2ð1þ f Þdf :

ð29Þ

Note that the closed form solution of (29) exists, but it is

too complex and lengthy. And, it is hard to find meaningful

intuitions from the solution. Therefore, we omit the closed

form solution in this paper.

5 Adaptive interference-level control
scheme for satisfying the QoS of the primary
network

In this section, we further investigate the excessive inter-

ference problem of our proposed scheme. Specifically,

under the assumption that multiple STAs cannot transmit

simultaneously, the interference constraint of primary

network in (2) will not be violated. However, due to col-

lisions among the secondary STAs9, more than one STA

can transmit at the same time which possibly results in the

violation of the interference constraint at the PR. For

instance, when STA1 and STA2 are transmitting at the

same time with their transmit powers of Q=c1 and Q=c2,
respectively, the interference constraint is violated because
Q
c1
c1 þ Q

c2
c2 ¼ 2Q[Q, even if the transmit power of each

STA is adjusted.

To resolve the violation problem, we propose an adap-

tive interference-level control scheme. In the proposed

scheme, we define the broadcasted allowable interference-

level, i.e., Qbc, which can be notified to all STAs, either by

the PR or the SAP, and Qbc is used instead of Q, in the

transmit power control. The proper value of Qbc can be

determined based on the violation probability10 in the

8 Unfortunately, the closed form of the inverse function of FFðxÞ
does not exist, such that fTkg for the COpCSMA-III should be

numerically calculated.
9 Given that the transmission is scheduled in distributed manner, the

collision is inevitable.
10 The violation probability is the probability that the interference

constraint is violated.
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secondary network which is directly estimated from the

offered load G of the secondary network. More specifically,

Qbc ¼ Q
M
, where M represents the allowable number of

simultaneously transmitting STAs, e.g., M ¼ 2 means that

the simultaneous transmission of two STAs is allowable.

6 Numerical results

In this section, we evaluate the performance of the con-

ventional pCSMA schemes and the proposed COpCSMA

schemes through computer simulations in various envi-

ronments. Moreover, the simulation results are compared

with the results from the mathematical analysis. Further-

more, we also present the performance of the proposed

adaptive interference-level control scheme introduced in

Sect. 5 which reveals that by using our proposed scheme,

the QoS of the primary network can be guaranteed with a

reasonable performance loss of the secondary network.

In the performance evaluation, we assume that P ¼ 1,

lH ¼ lG ¼ 0 dB, and the data packets are generated

according to the Poisson process with offered load G. The

medium access rules and thresholds for the proposed

schemes are summarized in Table 1. When more than one

STA tries to access the medium simultaneously, a collision

occurs and the transmitted packets will be failed to be

delivered to the SAP. In our simulation, data is gathered

from 10,000 samples for each simulation scenario.

Figure 3 shows the throughput of the secondary network

when Q ¼ 0:2. For all schemes, the plot with (A) repre-

sents the results from mathematical analysis, the plot with

(S) represents the simulation result, and the plot with (LB)

represents the results from lower bound analysis. We can

find that the conventional pCSMA-TPC yields the lowest

throughput among all schemes because it does not exploit

the opportunity in the wireless channels. Furthermore, we

can find that none of the proposed schemes can exceed the

performance of the OpCSMA which is proposed in [33]

because the interference constraint of the PR, i.e., (2),

degrades the throughput. Note that the QoS of the PR can

be severely degraded if the OpCSMA scheme is used.

Table 1 Medium access rules

and thresholds for each

proposed scheme

Types Access rule Thresholds

pCSMA-TPC Random access with prob. p N/A

COpCSMA-I ci\Tk Tk ¼ �lG lnðð1� pÞkþ1Þ
COpCSMA-II gi � Tk Tk ¼ �lH lnð1� ð1� pÞkþ1Þ
COpCSMA-III fi � Tk Tk ¼ F�1

F ðð1� pÞkþ1Þ

µ µFig. 3 Throughput of the

proposed COpCSMA schemes

and conventional schemes when

lH ¼ lG ¼ 0 (dB) and Q ¼ 0:2

Fig. 4 Throughput of the proposed COpCSMA schemes and

conventional schemes for different Q values
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We can also find that the simulation results are well

matched with the result from mathematical analysis.

Moreover, the throughput of lower bound analysis is nearly

the same with that of exact analysis models which shows

that the derived lower bound is tight. Furthermore, we can

see that the throughput of COpCSMA-III scheme is higher

than other COpCSMA schemes because it exploits both gi
and ci while other schemes only exploit either gi or ci.

The performance of the proposed schemes in different

CR environments, i.e., different Q levels, is shown in

Fig. 4. When the allowable interference-level is high, i.e.,

Q ¼ 1, the throughput of COpCSMA-II and COpCSMA-III

schemes is almost the same with that of OpCSMA. On the

other hand, the COpCSMA-I scheme, which exploits

interference channel only, performs almost the same as the

pCSMA-TPC scheme. That is, at high Q, interference

channel information may not be useful. However, when the

allowable interference-level is low, i.e., Q ¼ 0:05, all three

COpCSMA schemes perform worse than the OpCSMA

scheme in view of the throughput. Interestingly, when Q is

low, the throughput of the COpCSMA-I scheme is higher

than that of the COpCSMA-II scheme, because the effect

of interference channel, ci, is more significant compared to

that of data channel, gi.
Through Figs. 3 and 4, we find that the COpCSMA-III

scheme outperforms the COpCSMA-I and COpCSMA-II

schemes. However, the COpCSMA-III scheme has the

problem of high computational burden on STAs, because it

needs to continuously monitor gi and ci. As an alternative

solution to the COpCSMA-III scheme, the COpCSMA-I

and the COpCSMA-II schemes can be used. The

COpCSMA-I scheme is suitable when Q is low, or

equivalently, when lG is high, i.e., the STAs are very close

to the PR. On the other hand, the COpCSMA-II scheme is

applicable when Q is high or, equivalently, when lG is low,

i.e., STAs are far away from the PR.

Figure 5 shows the violation probability which we

denote as Pv, at the PR for different Qbc values when the

proposed adaptive interference-level control scheme is

used. In the simulation, P and Q are set to 0.2 and 1,
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respectively. As can be seen from the figure, Pv decreases

as G decreases or M increases because STAs will access

the channel less frequently or they will use lower transmit

power. By using these simulation results, the minimum

value of M which guarantees Pv being less than the

threshold can be determined for the given load level. For

example, if the maximum allowable value of Pv is 0.2, the

minimum M for the offered load G ¼ 2 becomes 1. How-

ever, when G ¼ 20, the minimum M will become 6, which

implies that up to six simultaneous STA transmissions does

not cause the violation of Pv. Note that the sum-capacity

decreases as M increase, however, the QoS of the PR tends

to be satisfied.

In Fig. 6, the performance of the proposed adaptive

interference-level control scheme is depicted under the

assumption of Q ¼ 0:2. In this simulation, the target value

of violation probability is set to 0.1, i.e., Pv � 0:1.

Therefore, when the adaptive interference-level control

scheme is used, Qbc is varied according to its current Pv; if

Pv [ 0:1, it finds the lowest M which satisfies Pv � 0:1, and

this M is used, i.e., Qbc ¼ Q
M
is broadcasted to neighboring

STAs.

First, we can find that simulation results and the result

from analysis models are well matched, which verifies the

exactness of our analysis. We can also find that the

COpCSMA-III schemes with static Q, i.e., the schemes

without adaptive interference-level control scheme, have

the same performance when Qbc ¼ Q. In Fig. 6, when

G\10, the PR sets Qbc ¼ Q. As a result, the performance

of the COpCSMA-III schemes with and without the

adaptive interference-level control scheme is the same.

However, when G becomes larger than 10, Pv of the

COpCSMA-III scheme with static Q is greater than 0.1.

Specifically, when 10�G� 25, the M is set to 2, and

correspondingly Pv is decreased below 0.1, because the

transmit power of STAs is decreased which results in the

decrease of throughput. In addition, when G[ 25, M is

increased to 3 in order to guarantee Pv � 0:1. Note that the

throughput of the secondary network is degraded when

G� 10, at the cost of ensuring the QoS of the primary

network. However, the degradation of the throughput is

only minor as illustrated in Fig. 6.

To see how well the adaptive interference-level control

scheme works in the different CR environments, we eval-

uate the throughput of secondary network at different

access probability, i.e., p, as shown in Fig. 7. When

p ¼ 0:3, too many collisions occur even at G ¼ 2, which

results in the increase of M, i.e., the throughput of sec-

ondary networks with the adaptive interference-level con-

trol scheme decreases. However, the performance

µ µFig. 6 Performance evaluation

of the proposed adaptive

interference-level control

scheme at lH ¼ lG ¼ 0 (dB)

and Q ¼ 0:2. Upper and lower

plots represent throughput and

violation ratio for varying

offered load

µ µ

p = 0.03

p = 0.3

p = 0.1

Fig. 7 Throughput of the proposed COpCSMA-III schemes with and

without the adaptive interference-level control scheme for different

p values
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degradation caused by the adaptive interference-level

control is not significant. Therefore, we can conclude that

the QoS of primary network can be guaranteed in our

proposed scheme, with only minor performance

degradation.

7 Conclusions

We have proposed three distributed COpCSMA schemes for

CR systems in which the signal and interference channels are

efficiently exploited using opportunistic scheduling, which

has not been considered in previous works on decentralized

CR MAC. We have also considered transmit power control

and adaptive interference-level control to resolve the QoS

degradation problem of primary network, which has also not

been taken into account in previous works. The proposed

schemes are backward compatible to the conventional

pCSMA scheme such that it is easy to be applied to practical

wireless systems. The throughput of proposed schemes is

mathematically analyzed. Moreover, through simulations,

we have justified the exactness of our analysis and shown that

the throughput of CR network can be optimized without

violating the QoS constraint of primary network. An inter-

esting extension of this work might be the analysis of other

aspects of system performance, e.g., packet success proba-

bility, service time, and fairness.
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Appendix

The CDF of the effective channel gain fi

The CDF of fi is, by definition, given as

FFðxÞ ¼ Pr f � xf g
¼ Pr f � x; ci �Q=P

� �

þ Pr f � x; ci [Q=P
� �

¼ Pr Pgi � x; ci �Q=P
� �

þ Pr Q
gi
ci

� x; ci [Q=P

 �

¼ Pr Pgi � x
� �

Pr ci �Q=P
� �

þ Pr Q
gi
ci

� x; ci [Q=P

 �

¼ 1� e
� x

PlH

	 


1� e
� Q

PlG

� �

þ Pr Q
gi
ci

� x; ci [Q=P

 �

:

ð30Þ

Pr Q
gi
ci
� x; ci [Q=P

n o

in (30) can be further derived as

follows.

Pr Q
gi
ci

� x; ci [Q=P

 �

¼
Z 1

Q=P

Pr Q
gi
t
� xjci ¼ t

n o

fCðtÞdt

¼
Z 1

Q=P

Pr Q
gi
t
� x

n o 1

lG
e
� t

lG

� �

dt

¼e
� Q

PlG � lHQ
lGxþ lHQ

� �

e
� x

PlH
þ Q

PlG

	 


:

ð31Þ

By substituting (31) into (30), we obtain the CDF of the

effective secondary channel gain fi given as

FFðxÞ ¼ 1� e
� x

PlH þ lGx
lGxþ lHQ

� �

e
� x

PlH
þ Q

PlG

	 


: ð32Þ
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