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Abstract. We propose an unslotted CSMA with grouped sensing and analyze the throughput of SUs
in multi-channel cognitive radio network. We model the system by 3-demensional continuous time
Markov process, calculate the steady state probability of the system, and obtain throughput and
transmission delay of SUs. By comparing the performances of grouped sensing scheme, random
m-sensing and hybrid sensing, the numerical results show that grouped sening scheme overcome the
defect of low throughput in random m-sensing scheme.

Introduction

With the rapid development of wireless communication technique, the conflict between limited
spectrum resource and the increasing requirements for wireless access has become the main
contradiction in future wireless communication. The FCC has reported that the licensed bands are
vastly underutilized [1]. Cognitive radio networks have recently emerged as a promising technique to
improve the utilization of the existing radio spectrum. Cognitive radio provides high spectrum
efficiencies by enabling secondary users(SUs) to use the channels which are not used by primary
users(PUs).

There have been many studies on the opportunistic spectrum access for cognitive radio network.
We classify the opportunistic spectrum access as the centralized (e.g., [2,3]) and decentralized(e.qg.,
[4-10]) cognitive medium access control (MAC) protocols. In decentralized MAC protocols, SUs
individually perform spectrum sensing and spectrum scheduling. The decentralized cognitive MAC
protocols can be further classified as slotted structure (e.g., [4-6]) and unslotted structure (e. g., [7-10])
where the slotted structure means the time axis for network is divided into time slots and all PUs and
SUs are synchronous.

S. Huang et. al. [7] proposed three decentralized MAC protocols with different sensing and
backoff mechanisms. D. B. ZHU et. al. [8] analyzed the performance of random m-sensing scheme in
unslotted cognitive radio network. They obtained that the throughput of SUs in unslotted CSMA with
random m-sensing increases as the number m of sensing channels increases, and the throughput of
SUs with all sensing is much larger than that with random sensing. But SU must senses all channels
before transmitting each packet in all sensing scheme, the power consumption of SUs’ terminal
devices will be very high. Oppositely, the power consumption of SUs’ terminal devices is low in
random m-sensing scheme when m is small, but the performance is poor. How to solve the
contradiction between throughput and power consumption is the motivation of our work.

In this paper, we propose and analyze unslotted CSMA with grouped sensing, which senses
channels based on grouping. This grouped sensing scheme can overcome the defects of low
throughput in random m-sensing and high power consumption of SUs’ terminal devices in all
sensing.

The rest of this paper is organized as follows: In section 2, the system model of unslotted CSMA
with grouped sensing is described in detail. In section 3, the performance of unslotted CSMA with
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grouped sensing is analyzed. Numerical examples are presented in section 4 and summary is given in
section 5.

System Model

We consider an unslotted CSMA in multi-channel cognitive radio network with N SUs and M
channels. Channels are divided into 2 groups, A and B, group A includes m channels and group B
includes the other M-m channels. The PU’s usage pattern of a channel follows On/Off process and is
independent with other’s channel usage patterns. An On-period is the time duration in which the PU
occupies the channel, an Off-period is the time duration in which the PU does not occupy the channel
and the SUs can opportunistically use the channel. It is assumed that the On-periods and Off-periods

on the channel have exponential distribution with mean o™ and S respectively. Because of the

primary network and secondary network are unslotted structure, time synchronization among SUs
and PUs are not needed.

We assume that all SUs are saturated, which means each SU always has packet to transmit. And
each SU performs perfect sensing (i.e., no false alarm and no mis-detection) and the sensing period of
channels is negligible.

The unslotted CSMA with grouped sensing is operated as follows:

At the beginning, each SU senses channels from group A, before its packet transmitted.

1) If an SU finds idle channels from group A, the SU selects one idle channel randomly and
transmits a packet, then the SU goes to backoff state after packet transmission, in order to prevent the
channel being exclusively used by specific SU.

2) If the SU does not find any idle channel from group A, then the SU goes to backoff state and
senses the channels from group B after its random backoff time.

- When the SU finds idle channels from group B, the SU selects one idle channel randomly and
transmit a packet. After packet transmission the SU goes to backoff state and access the system by
procedure 1) after its backoff time.

- When the SU does not find any idle channel from group B, the SU goes to backoff state
immediately, and access the system by procedure 1) after its backoff time.

3) When a PU returns to the channel on which an SU is transmitting a packet, the SU must vacate
the channel to the PU and sense all channels. If idle channels are found, the SU selects one of idle
channels to perform spectrum handoff, otherwise the SU gives up its packet transmission and goes to
backoff state, then performs above processes repeatedly.

We assume the SU’s packet transmission time is exponentially distributed with mean x*, the
SUs’ backoff times are i.i.d, and exponentially distributed with mean v .

Performance Analysis

Let

Np (t) = the number of channels transmitting PU’s packet at time t ;

N1 (t) = the number of channels transmitting SU’s packet at time t ;

Ns, (t) = the number of SUs needing to sense channels from B at time t .

Then {(Np(t), Ns1(t), Ns2(t))|t > 0} forms 3-dimensional Markov process with state space

S={(1,},k0<i<M,0<j<M-i,0<k<N-j}

Since the process {(Np(t), Ns1(t), Ns2(t))|t > 0} is an irreducible Markov process with finite state
space, it is always ergodic and exists the steady state probability. Let 7, ; , is the joint probability that

the Markov process is in state(i, j, k), then we can obtain the following balance equantions:
[(N=jv+(M =) +ia+ jﬂ]ﬂ'i,j,k =(M —i +1)ﬂ7ri—l,j,k +(i +1)0577i+1,j,k

+(J +1)ﬂ7fi,j+1,k +(k +1)Vgi,j”i,j,k+1 +(k+)v(d- gi,j)ﬂ.i,j—l,kﬂ +(N-j-k +1)ti,j7z'i,j,k—1 (1)
+(N=j=k+Dv(l—0q )7 4 for 0<i<M,0<j<M—-i, 0<k<N-j
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where g, ; (g, ;)is the probability thatall m (M-m) channels in group A (B)are busy when there are
i+]j busy channels among M channels, i.e.,

0, 0<i+j<m 0, 0<i+j<M-m
G = M-m M L » 0= m M ~ L )
o o m<Li+ <M . b M=m<i+ <M
I+j-m)/ {i+] i+]-M+m I+ ]
I
Note that " :Land 7 =0 when (i, j,k) ¢S.
m) mi(n—m) b
Since the initial condition of probability is given by
M M-iN-
>SS, -t @)
i=0 j=0 k=0

By solving the linear equations (1) and (2), we can calculate the steady state probability z; ;, » and

S0 we can obtain three important performance measures of the system.

1) Normalized throughput of SUs

The normalized throughput T of SUs per channel is defined as the mean number of successfully
transmitted packets during a service time of SU’s packet on a channel.

To find Ts, let 4, be the effective packet arrival rate of SUs in the system and 7, ; be the arrival

point probability that he SU finds the system in the state (i, j) upon sensing after its backoff time.
The effective packet arrival rate A, is given by

M M-iN- M M-iN-

Ay = Ay + Ay ZZZ(N—J k)WT.JkJFZZZkWT (3)

i=0 j=0 k=0 i=0 j=0 k=0
where A ,and 4., are the effective packet arrival rates of SUs who will sense channels from A and
B, respectively.
Hence, the arrival point probability 7; ; can be given by
N—j-1 N—j-1
Z(N —j=kKvr; 5, Zk‘/”i,j,k N_j1

ﬁzi,j =0 P + =0 7 = kZ:(;(N — v ik (4)

e e

Let Py, be the probability that the SU’s packet is blocked due to no idle channels in the system upon
sensing after its backoff time, then we have

M M-—i M M—i
P - elzozt;ﬂqulj ezzo:zoﬂ'”g.] (5)
e 1 J e | ]

During an SU transmitting a packet on a channel, it may be interrupted by PUs. The interrupted
SU senses the channels again by all sensing scheme and then either continues to its packet
transmission if the SU finds idle channels or goes to backoff state resulting in unsuccessful packet
transmission. Let P; be the probability that the SU does not find any idle channels when the SU
interrupted by a PU and senses the channels, then we have P

Po= >, D7 (6)
DL+ =M}/ {Gi,J)|i>Li+j<M}

Since SU’s packet may be forced to termination after a number of interruptions by PUs, we can
obtain the forced termination probability Pg of SUs as follows:

p =t (7
M+ PP

By the definition of throughput T of SUs, we have

T, =01-R)1-P)iu"/M. ®)

2) Head-of-Line(HoL) packet delay of SU
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The HoL packet delay D of SU is defined by the time period from the time of reaching to head of
buffer to the beginning point of the packet transmission. Each SU goes to backoff state after packet
transmission and then senses the channels again after its backoff time. If the SU does not find any idle
channels by its sensing, then the SU goes to backoff state again. After sensing, the SU goes to backoff
state with probability P, and transmits the packet with probability 1-Py. Since the number of backoff
state due to no idle channels has geometric distribution with parameter 1-P,,, and the backoff time is
exponential distributed with rate v , so the HoL packet delay D also is geometric sum of exponential
random variables. Thus D has exponential distribution with rate (1- Py) v and the mean of HoL
packet delay is given by

E[D]=[(1-R)o] ™" 9)

Numerical Examples

In this section, we present numerical examples for the performance measures of SUs . We assume
there are M=10 channels in the system and the mean packet transmission time p* = 5msec. We set the
parameter = 0.65sec and o ' = 0.35sec, so that the channel idle probability is 0.65. Let the mean
backoff time of SUs v * = 20msec.
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Figure 1 Performance of grouped sensing schemes versus the number of channels in group A

Figure 1 depicts the throughput of SUs and HoL packet delay of SUs in grouped sensing scheme as
the number of channels in group A increases and the number N of SUs is 60, 70 and 80. Figurel shows
that the throughput(or HoL packet delay) of SUs increases(or decreases) and then decreases(or
increases) as the m increases. We can find the optimal number m to maximize the throughput of SUs.
For example, when M=10, m=7 is the optimal number of channels in group A which maximizes
throughput of SUs.

Figure 2 depicts the throughput of SUs and HoL packet delay of SUs in three sensing schemes
versus the number N of SUs when M=10, m=4. Both the throughput Ts of SUs and the HoL packet
delay of SUs increase as the parameter N increases. As expected, figure 2 show that the performance
of SUs in grouped sensing scheme higher than that in random m-sensing scheme and lower than that
in all sensing, because if a SU dose not find any idle channels in group A, then the SU will sense
channels from group B after its random backoff time, so it leads to more chances to find idle channels.

690



065 T T T . . T T T 0.08

08
0.08-

o

=)

S
T

0.5

o
a
&

T

e

8

T

Throughput of SUs
e

3 %

T

Hol packet delay of SUs(sec)
o
&

o
w
T
°
®
T

o
»
&

—&— All sensing 1
g —~— Grouped sensing

—6— Random m-sensing

L L L L L L
10 20 30 40 70 80 90 100 10

50 60
Number of SUs

Figure 2 Performance of three sensing schemes versus the number of SUs

Conclusions

In this paper, we propose an unslotted CSMA with grouped sensing in multi-channel cognitive
radio networks, and model the system by 3-demensional continuous time Markov process and
provide the performance measure of the system. Numerical results show that the grouped sensing
scheme overcomes the defect of low throughput in random m-sensing.
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