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Abstract—Effective spectrum sensing strategies enable cogni-
tive radios to enhance the spectrum efficiency. In this paper,
modeling, performance analysis, and optimization of spectrum
handoff in a centralized cognitive radio network are stud-
ied. More specifically, for a given sensing order, the average
throughput of secondary users and average interference level
among the secondary and primary users are evaluated for a
cognitive radio network with only one secondary user. By a
Markov chain analysis, a network with multiple secondary users
performing cooperative spectrum sensing is modeled, and the
above performance metrics are derived. Then, a maximization of
the secondary network performance in terms of throughput while
keeping under control the average interference is formulated.
Finally, numerical results validate the analytical derivations and
show that optimally tuning sensing time significantly enhances
the performance of the spectrum handoff. Also, we observe that
exploiting OR rule for cooperative spectrum sensing provides a
higher average throughput compared to AND rule.

Index Terms—Cognitive radio networks, sequential channel
sensing, spectrum handoff, Markov model.

I. INTRODUCTION

The advent of new wireless applications and the ever-
growing demands for a higher data rate have challenged
current fixed spectrum allocation policies. In order to effec-
tively mitigate the problems associated with the fixed spectrum
allocation policies, researchers have focused on the promising
idea of cognitive radio networks (CRNs). Conceptually, a CRN
can promote spectrum efficiency by allowing low-priority
secondary users (SUs) to opportunistically exploit the unused
licensed channels of high-priority primary users (PUs) in an
intelligent manner. Meanwhile, due to preemptive priority
of the PUs to access the channels, the SUs must vacate
the channel whenever the corresponding PUs appear. In this
case, a set of procedures called spectrum handoff (SHO) are
initiated to help the SU to effectively find a new transmission
opportunity and resume its unfinished transmission [1], [2].

In CRN, temporarily available transmission opportunities
are explored through appropriate and reliable spectrum sensing
schemes. As there exist more than one channel to be sensed
by an SU, spectrum sensing schemes are commonly divided
into wideband and narrowband categories. In the wideband
spectrum sensing, an SU simultaneously senses multiple chan-
nels. On the other hand, when only one channel is sensed
at a time, the sensing process is called narrowband. Easier

implementation, lower power consumption, and less computa-
tional complexity lead to great interests in narrowband sensing
[3]. When the narrowband sensing is used, an immediate
question arises: which channel should be sensed first with what
detection accuracy? To achieve the best possible performance,
the channels have to be sensed in an appropriate order, called
sensing order. In this case, an SU senses the first channel
placed in its sensing order, and then transmits on the channel
provided that it is sensed free. If the channel is sensed to
be busy, the SU initiates the SHO procedure and then senses
the second channel of its sensing order. This kind of sensing-
transmission is called sequential channel sensing [4]–[7].

Recently, the problem of designing a proper sequential
channel sensing and spectrum handoff scheme has gained
lots of interests. Contributions of the related literature can
be categorized into two main domains. First, developing a
framework for finding optimal set of the candidate channels
to be sensed, i.e., the optimal sensing order, was proposed in
[4]–[11]. In this category, the main efforts are in the form of
formulating the mutual relationship between the order of the
channels placed in the sensing order and some performance
metrics, e.g., the average throughput [4]–[8] and average delay
[11], and then maximizing the CRN performance by finding
a proper sensing order. The second category we can find
in the literature (and also in this paper) is maximizing a
CRN performance through optimizing the sensing process, for
example sensing time, of each channel [12]–[14]. In [12], the
sensing-throughput tradeoff is firstly introduced. The authors
prove that increasing the sensing time, i.e., amount of time
during which each channel is sensed, firstly leads to the
increment in the average throughput, and after an optimum
point, it shows a decreasing behavior. Considering the effect
of imperfect sensing, [13] investigates the minimization of the
average sensing time in a sequential channel sensing strategy.
The problem of jointly optimizing the sensing time and the
sensing order for a CRN with one SU is investigated in [14],
where the aim is maximizing the expected throughput and
penalizing collisions that disrupt the primary transmissions.

In this paper, we address the problem of modeling, perfor-
mance evaluation, and optimization of the sequential channel
sensing strategy for a CRN with a centralized decision maker.
We consider energy detection for spectrum sensing, though
our analysis can be easily extended to other spectrum sensing
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strategies. As a first step, the average throughput of the SUs
and interference among the SUs and PUs are derived for
a CRN with only one SU. Then, an optimization problem
is formulated to maximize the average throughput while the
interference time, misdetection, and false alarm probabilities
are bounded. The CRN is extended to the case of multiple SUs.
In order to evaluate the performance of this multiuser network,
an embedded Markov chain is proposed, which enables us
to effectively model the CRN behavior and calculate the
average throughput and interference of the networks. We
also compare the impact of two main data fusion rules for
cooperative spectrum sensing, AND and OR rules, on the
network performance.

The rest of the paper is organized as follows. In Section II,
we describe the considered system model. The performance
measures are derived for a single user CRN in Section III
and multiuser case in Section IV. Numerical results are then
presented in Section V, followed by concluding remarks
provided in Section VI.

II. SYSTEM MODEL

We assume a time slotted CRN with Ns SUs, which intend
to opportunistically transmit on the channels exclusively ded-
icated to Np PUs. Each SU has been equipped with a simple
transceiver; hence it can sense only one channel at a time. In
the sequential channel sensing methodology, each SU’s time
slot contains sensing and transmission phases. In the sensing
phase, the SUs sequentially sense the channels based on their
sensing orders that are provided by the coordinator1. More
specifically, as in [4]–[7], it is assumed that the SUs sense
the first channel of their sensing orders and send their sensing
results to the coordinator. Then, an SU is granted to transmit on
the channel provided that it is sensed free. Consequently, the
SU starts to transmit, with the constant rate of CR, and other
SUs initiate the handoff process, which takes τho seconds2,
and then sense the second channel of their sensing orders. The
procedure continues until one of the following events happen:
a) transmission opportunities are found for all the SUs, b) no
time remains for sensing new channels in the time slot, and
c) no channels remain to be sensed. We denote a time slot
duration by T , sensing time of each channel by τ , and the
maximum number of channels that can be sensed by an SU
in a time slot by δ. It holds [2] that

δ = 1 +min

(⌊
T − τ

τ + τho

⌋
, Np − 1

)
. (1)

Generally speaking, there are various PU detection propos-
als [3]. Among them, energy detector is the most prevalent
scheme, since it benefits low implementation and computa-
tional complexity. Moreover, it is the optimal detector for
unknown signals [3]. To decide about occupation status of
a channel, in the energy detection scheme, the energy of the
received signal is accumulated during a sensing time τ , and

1Here, as in [7], we assume that all the SUs have the same sensing orders.
2The SU spends this time to change its circuitry in order to be prepared

for sensing the next channel assigned to its sensing order [6].

then it is compared to a threshold λ. Limited observations
and the dynamic nature of the wireless environment lead to
imperfection in spectrum sensing, which are usually described
by false alarm and misdetection probabilities, respectively. A
false alarm occurs when a free channel is mistakenly sensed
busy, while a misdetection happens whenever an occupied
channel is sensed free. Let N = τfs represent the number
of samples taken from the received signal, where fs is the
sampling frequency. For a large number of received signal
samples (N > 100), the statistics of the accumulated energy of
N consecutive samples, which is used as the decision criteria,
can be approximated by a Gaussian distribution. For an AWGN
channel, we have [12]

Pfa,m = Q
((

λ

σ2
z

− 1

)√
τfs

)
, (2)

Pmd,m = 1−Q
((

λ

σ2
z

− 1− γm

)√
τfs

1 + 2γm

)
, (3)

where Pfa,m and Pmd,m respectively are the false alarm and
misdetection probabilities when an SU senses the channel m.
σ2
z is the noise variance, and the received signal to the noise

ratio of the m-th PU’s signal is γm.
Let P0,m and P1,m denote the absence and presence proba-

bilities of the PU m, respectively. The m-th channel is sensed
as occupied with probability

qm = Pfa,mP0,m + Pd,mP1,m , (4)

where Pd,m = 1− Pmd,m.

III. SINGLE USER CASE

The performance measures of the network can be computed
for a given sensing order. Such an order can have a simple
order [9], wherein the channels are arranged by their numbers,
or the optimal one [4], [6], wherein they are placed in a list so
that the average achievable throughput is maximized. Suppose
that the sensing order is

c = [c1, c2, . . . , cδ] , (5)

where c1 and cδ denote the first and the last channels to
be sensed. With the analysis provided in [2], the following
proposition has a straightforward proof that is omitted.

Proposition I: The average throughput of the SU, denoted
by r, and the average interference time experienced in a CRN
with one SU, denoted by tI , are

r =

δ∑
m=1

qc0qc1 · · · qcm−1P0,cm (1− Pfa,cm)
RTm

T
CR , (6)

tI =
δ∑

m=1

qc0qc1 · · · qcm−1
P1,cm (1− Pd,cm)

RTm

T
, (7)

where qc0
Δ
= 1, qcm is defined in (4), and RTm is the time

left for the transmission when the SU transmits on the channel
cm, i.e., RTm = T − τ − (m− 1) (τ + τho). �
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Now, we can maximize the average throughput of the SU
while keeping the impact of the SU on the PUs communica-
tions bounded. That is,

τ∗ = argmax
τ

r

s.t.

Pfa,cm ≤ Pmax
fa , ∀1 ≤ m ≤ δ

Pmd,cm ≤ Pmax
md , ∀1 ≤ m ≤ δ

0 ≤ τ ≤ T
tI ≤ tmax

I

, (8)

where r and tI are defined in Proposition I. Pmax
fa , Pmax

md ,
and tmax

I respectively represent the maximum tolerable values
of the false alarm probability, misdetection probability, and
interference time, which depend on the QoS level guaranteed
for the PUs as well as the SU.

IV. MULTIUSER CASE

In this section, we extend the considered sequential channel
sensing approach to a CRN having Ns SUs. As stated, we
assume that all the SUs have the same sensing orders provided
by the coordinator, and after each sensing interval, they
send their sensing results to the coordinator [7]. Then, the
coordinator decides whether this channel is idle or occupied.

A. Cooperative Spectrum Sensing

In cooperative spectrum sensing methodology, fusion meth-
ods are generally categorized into hard and soft combination
schemes [15]. In hard combination strategy, each SU locally
makes a decision about the occupation/idle status of a channel,
after performing the spectrum sensing process. Then, the SUs
send their decisions to the coordinator, and the final decision
is made in the coordinator using a fusion rule [15]. On the
other hand, in the soft combination schemes, the SUs do not
quantize their sensing results, and the sensing information (for
instance, the average received energy in the energy detection
scheme) is directly reported to the coordinator. Based on the
information, the coordinator determines whether the channel is
busy or not by using some decision algorithms like maximum
ratio combining, equal gain combining, selective combining
[15], etc. The soft combination schemes are advantageous in
that they have lower false alarm and misdetection probabilities
compared to the hard ones at the expense of a substantially
higher communication overhead, which cannot be tolerable
in many wireless networks. Hence, in this paper, the hard
combination scheme is used. Specifically, among various data
fusion methods introduced for hard combination protocols, like
AND rule, OR rule, k out of N rule [15], and probabilistic
combination [16], we develop the formulation for the AND
rule to facilitate the evaluation process. Nevertheless, other
schemes can be also applied through the same process. Let
P

(i)
fa,cn

and P
(i)
d,cn

represent the false alarm and detection
probabilities of the SU i. We denote by Qfa,cn,m,k and
Qd,cn,m,k the false alarm and detection probabilities of the
cooperative spectrum sensing of the channel cn when the SUs
{sm, sm+1, . . . , sk} cooperate in making the final decision,

respectively. For the AND rule, we have

Qfa,cn,m,k =
k∏

i=m

P
(si)
fa,cn

(9)

and

Qd,cn,m,k =
k∏

i=m

P
(si)
fa,cn

, (10)

and the channel cn is sensed as occupied with probability

qcn,m,k = Qfa,cn,m,kP0,n +Qd,cn,m,kP1,n . (11)

We can derive similar expressions for OR rule. In Section V,
we evaluate the performance of both AND and OR rules.

B. Performance Evaluation

The channel search and access policy is modeled using
an embedded Markov chain as depicted in Figs. 1 and 2.
These figures are comprised of several nodes corresponding to
different states of spectrum sensing and packet transmission.
More specifically, in Fig. 1, the state (n,m) 1 ≤ n ≤
δ and 1 ≤ m ≤ N refers to the case that the SU sm starts
to sense and possibly transmit on the channel cn, where δ
is defined in (1) and N = min (δ,Ns). The state nodes
TEm refers to the terminal node m. This state means that
no transmission opportunity is found in this time slot, and we
do not have any further non-sensed channels nor sufficient
time [2]. Thus, all the SUs wait for the next time slot,
and then sequentially sense the channels again [4]. Fig. 2
illustrates the chain embedded in the node (n,m) of Fig.
1. The states (cn, sm) 1 ≤ n ≤ δ and 1 ≤ m ≤ N
model the case where the SU sm is scheduled to possibly
transmit on the channel cn. The successful transmission and
interference are modeled through the states Tcn,sm and Icn,sm ,
respectively. In the state Tcn,sm , the channel cn is sensed
free, and the SU sm will be scheduled to use it. In the
state Icn,sm , the SU sm makes interference for the PU due
to a misdetection and wrong transmission. From Fig. 2, the
transmission can be interference-free with the probability of
P0,cn (1−Qfa,cn,m,Ns

) or cause interference for the rest of
the time slot with the probability of P1,cn (1−Qd,cn,m,Ns).
It is worth noting that once a free channel is found, an SU is
assigned to transmit on the channel, and therefore it does not
further collaborate on the sensing process of other channels
left. As a consequence, (Ns −m+ 1) SUs cooperate in the
sensing process at the state (cn, sm).

As previously stated, at the beginning of each time slot, all
the SUs are scheduled to sense the channel c1, modeled by the
state (c1, s1), and then they sense the second channel placed
in the sensing list3, i.e., c2, provided that the first channel is
cooperatively sensed busy (with the probability of qc1,1,Ns

).
This process continues until the state changes to Tcn,sm or
Icn,sm for 1 ≤ n ≤ δ states or finally transits to the terminal
node, modeled by TEi. If the SU sm is granted to transmit

3It is modeled by state (c2, s1), then all Ns SUs remain for the cooperative
spectrum sensing process.
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Fig. 1. The state model proposed for the multiple SUs’ case.
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Fig. 2. The Markovian model embedded in the state (n,m) of Fig. 1.

on the channel cm, then all the remaining SUs, i.e., (Ns −m)
SUs, cooperatively sense the channel cm+1, the SU sm+1 puts
its data on the channel if it is sensed free, and so on.

Proposition II: The average achievable throughput of the

TABLE I
SIMULATION PARAMETERS

Parameter Description Value
T Time slot duration 10 ms

Pmin
d Minimum allowable detection probability 0.9

Pmax
fa Maximum allowable false alarm probability 0.1
tmax
I Maximum allowable interference time 0.05 T
fs Receiver sampling frequency 6.857 MHz
τho Required time for performing a handoff 0.1μs
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Fig. 3. Average secondary user throughput normalized to CR against
normalized sensing time.

secondary network and the average interference time between
the SUs and PUs are calculated as

r =
δ∑

n=1

N∑
m=1

ΠTcn,sm

RTn

T
CR , (12)

tI =
δ∑

n=1

N∑
m=1

ΠIcn,sm

RTn

T
, (13)

where N = min (δ,Ns), ΠTcn,sm
is the probability of success-

ful transmission of the SU sm at the channel cn, and RTn is
the time left for the transmission. ΠIcn,sm

is the probability
of interference between the SU sm and the PU cn, i.e., the
SU mistakenly transmits on the channel cn.

Proof : A proof is given in Appendix A. �
Similar to the previous section, we can optimize the sec-

ondary network performance while provisioning a predeter-
mined QoS level for the primary network.

V. NUMERICAL RESULTS

To set up a simulation environment, the values of Pmin
d ,

Pmax
fa , time slot duration T , and the value of sampling fre-

quency, used by the energy detection, are chosen according to
IEEE 802.22 standard [17]. Table I summarize the descriptions
and values of the parameters considered for the simulations.
Using a Monte Carlo simulation, the average throughput and
the average interference time are computed after simulating the
scenarios for 1e6 times. Figs. 3 and 4 verify the analytical
derivations in Proposition I and respectively depict the average
throughput of an SU as well as the average interference time
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Fig. 5. Maximum throughput of the secondary user against the number of
primary channels.

versus channel sensing time τ . As can be observed, the well-
known sensing-throughput tradeoff [12] is verified, and we can
observe that there is an optimal sensing time. Another obser-
vation made from these figures is that the average throughput
and interference time raise with the number of primary channel
Np; because more channels are sensed, and therefore not only
more transmission opportunities are found, which results in
higher average throughput, but also more misdetection events
occur, which raise the average interference time.

Fig. 5 verifies the performance enhancement due to optimal
sensing time formulated in (8), and compares the average
throughput of a single SU case for two different scenarios: 1)
a typical value of τ , i.e., τ = 0.2T and 2) the global optimal
value of τ , which is obtained through the exhaustive search. As
expected, adopting the optimal increases the average through-
put while keeping the average interference below an acceptable
level. Specifically, for the example considered, the average
throughput of the SUs achieved by the optimal design is about
20% more than the ones achieved with τ = 0.2T , for the case
Np = 5. Nevertheless, the exhaustive search requires a huge
computational demand.

The effectiveness of the proposed schemes for a centralized
CRN is demonstrated by Table II. In this table, three tests
are presented for Ns = 1, Ns = 3, and Ns = 5. In each

TABLE II
AVERAGE THROUGHPUT (A.T.) AND THE CORRESPONDING NORMALIZED

INTERFERENCE (N.I.), tI/T , FOR THE OPTIMAL SENSING TIME AND A
TYPICAL VALUE OF SENSING TIME τ = 0.2T

Optimal value Typical value
A.T. N.I. A.T. N.I.

Ns = 1 - Np = 2 0.7510 0.0484 0.6181 0.0384
Np = 4 0.7879 0.0500 0.6533 0.0408

Ns = 3
AND rule Np = 2 0.3162 0.0486 0.2831 0.0448

Np = 4 0.3417 0.0500 0.3848 0.0560

OR rule Np = 2 0.3518 0.0009 0.2831 0.0007
Np = 4 0.5884 0.0114 0.3868 0.0045

Ns = 5
AND rule Np = 2 0.1992 0.0495 0.1698 0.0425

Np = 4 0.2070 0.0500 0.2359 0.0577

OR rule Np = 2 0.2112 0.0000 0.1698 0.0000
Np = 4 0.3588 0.0002 0.2359 0.0001

experiment, the average throughput as well as the normalized
interference time, τ/T , associated with the optimal sensing
time, and a typical value for sensing time τ = 0.2T are
calculated. Note that for the case Ns = 1, only one SU
exists, and therefore fusion rules cannot be applied. Again,
the average throughput increases by the number of the PUs,
as discussed before. Moreover, for the same fusion rule and
Np, as the number of the SUs raises, a reduction in the
average throughput of each SU is observed. This is simply
due to the fact that more SUs intend to access the fixed
resources (Np channels), and consequently more contention
will occur that reduces the average throughput. However, due
to more reliable sensing, the CRN throughput increases. For
instance, for the case [Ns = 3, Np = 4,OR rule], the total
throughput of the CRN is 3×0.5884 = 1.7652, while the total
throughput of the CRN is 5 × 0.3588 = 1.794 for the case
[Ns = 5, Np = 4,OR rule]. Another observation made from
this table is that the OR rule provides higher average through-
put than the AND rule, for the example considered. The main
reason is that each individual SU needs to dedicate less amount
of time to sense a channel for achieving the same cooperative
detection performance in the OR rule compared to AND rule,
leading to a higher transmission time and consequently higher
throughput of the OR rule. It is worth mentioning that though
in some cases like [Ns = 3, Np = 4,AND rule], the average
throughput obtained from the optimal sensing time is less
than one achieved for τ = 0.2T , the normalized interference
violates tmax

I .

VI. CONCLUSION

Modeling and systematic performance evaluating of sequen-
tial channel sensing schemes in a multichannel centralized
cognitive radio network were investigated in this paper. First,
average throughput of a secondary user (SU) as well as average
interference time were computed for a cognitive radio network
with one SU. Then, an optimization problem was formulated
to maximize the average throughput while the average inter-
ference was kept bounded. Furthermore, to extend the model
for a network with multiple SUs, a finite state Markovian
process-based structure was proposed to effectively model the
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behavior of the SUs. Again, its performance was computed
and then optimized. Finally, the analytical derivations were
verified through numerical results.

As a future work, we aim to extend the proposed system
by relaxing the constraint of having the same sensing order
for all SUs. Thereby, the throughput of the network can
be substantially increased at the expense of some level of
interference among the SUs, for instance, between a SU
transmitting on a channel and a new SU that mistakenly
transmits on the channel in the next sensing stage due to a
misdetection.

APPENDIX A

Let Πx denote the steady state probability of being at the
state x. We denote the probability of transition from the state
(a, b) to the state (c, d) by T P(a,b)→(c,d). From Fig. 2, we
have,

ΠTcn,sm
= Πcn,smP0,cn (1−Qfa,cn,m,Ns) , (14)

ΠIcn,sm
= Πcn,smP1,cn (1−Qd,cn,m,Ns) , (15)

and from Figs. 1 and 2,

Πcn,sm = Πcn−1,sm−1T P(cn−1,sm−1)→(cn,sm)+
Πcn−1,smT P(cn−1,sm)→(cn,sm)

, (16)

where

T P(cn,sm)→(cn+1,sm) = qcn,m,Ns
1 ≤ n ≤ δ− 1 , (17)

T P(cn,sm)→(cn+1,sm+1) = P0,cn (1−Qfa,cn,m,Ns)

+ P1,cn (1−Qd,cn,m,Ns
)

= 1− qcn,m,Ns
, (18)

where N = min (δ,Ns), 1 ≤ n ≤ δ− 1, and 1 ≤ m ≤ N − 1.
Moreover, note that from Fig. 2, it is easy to show

T P(cn,sm)→(ci,sj) =

{
0 if n ≤ i

0 if m < j
. (19)

From (16)-(19), Πcn,sm is computed as:

Πcn,sm =

[
1− qcn,m,Ns 0

0 qcn,m,Ns

] [
Πcn−1,sm−1

Πcn−1,sm

]
. (20)

Note that considering the channel search and access policy
described in Section IV, the procedure always initiates from
the state (c1, s1), and thus:

Π(c1,s1) = 1 . (21)

Then, from (20), Π(c2,s1) can be calculated. Moreover, consid-
ering (19), Π(c1,s2) = 0, and therefore Π(c2,s2) is computed.
Following the same procedure, Π(cn,sm) for 1 ≤ n ≤ δ and
1 ≤ m ≤ N is obtained.

It is worth noting that if the coordinator’s state is Tcn,sm ,
then the SU sm can transmit on the channel cm for the rest of
the time slot, i.e., RTn defined in Proposition I. Furthermore,
if the state is Icn,sm , the SU scheduled for the transmission

disrupts the transmission of the corresponding PU for RTn

seconds. Hence,

r =
δ∑

n=1

N∑
m=1

ΠTcn,sm

RTn

T
CR , (22)

tI =
δ∑

n=1

N∑
m=1

ΠIcn,sm

RTn

T
, (23)

where ΠTcn,sm
and ΠIcn,sm

are defined in (14)-(15). In order
to verify the equations derived, besides numerical validation
presented in the numerical result section, note that for the case
Ns = 1, (22) and (23) are further simplified to (6)-(7), which
represent the average throughput and the average interference
time experience in the CRN with one SU. �
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