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Abstract Recent studies have been conducted to indicate

the ineffective usage of licensed bands due to static spec-

trum allocation. In order to improve spectrum utilization,

cognitive radio (CR) is therefore suggested to dynamically

exploit the opportunistic primary frequency spectrums.

How to provide efficient spectrum handoff has been con-

sidered a crucial issue in the CR networks. Existing spec-

trum handoff algorithms assume that all the channels can

be correctly sensed by the CR users in order to perform

appropriate spectrum handoff process. However, this

assumption is impractical since excessive time will be

required for the CR user to sense the entire spectrum space.

In this paper, the partially observable Markov decision

process (POMDP) is applied to estimate the network

information by partially sensing the frequency spectrums.

A POMDP-based spectrum handoff (POSH) scheme is

proposed to determine the optimal target channel for

spectrum handoff according to the partially observable

channel state information. Moreover, a POMDP-based

multi-user spectrum handoff (M-POSH) protocol is pro-

posed to exploit the POMDP policy into multi-user CR

networks by distributing CR users to frequency spectrum

bins opportunistically. By adopting the policies resulted

from the POSH and M-POSH algorithms for target channel

selection, minimal waiting time at each occurrence of

spectrum handoff can be achieved which will be feasible

for multimedia applications. Numerical results illustrate

that the proposed spectrum handoff protocols can effec-

tively minimize the required waiting time for spectrum

handoff in the CR networks.

Keywords Cognitive radio � Partially observable

Markov decision process (POMDP) � Spectrum

handoff � Channel selection

1 Introduction

According to the research conducted by FCC [1, 2], a large

portion of the auctioned frequency spectrum remains idle at

any given time and location. It has been indicated that the

spectrum shortage problem is primarily resulted from the

spectrum management policy rather than the physical

scarcity of frequency spectrum. Consequently, a great

amount of research is devoted to cognitive radio (CR) in

recent years [3–6]. The CR user, i.e. the secondary user, is

capable of sensing the channel condition and can adapt its

internal parameters to access the licensed channels while

these channels are not being utilized by the primary users.

The IEEE 802.22 [7, 8] is a standard that allocates the TV

broadcast spectrum on a license-exempt basis, which is

considered a realization of the CR concept. The white

space of TV spectrum can be utilized by the cognitive radio

users to efficiently improve the utility rate of the TV bands.

The CR users are allowed to share the unused spectrum

while assuring that no interference is caused to the primary

users, which is feasible for multimedia applications such as

digital or analog TV broadcasting. Since there is no

promise for a CR user to finish its transmission on a certain

spectrum, a mechanism called spectrum handoff has been

introduced to allow the CR user to select another channel to
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maintain its data transmission. Consequently, the main

objective for spectrum handoff is to select a feasible target

channel which the CR user can be switched into in order to

retain its on-going transmissions. The performance of

spectrum handoff will primarily be dominated by the fea-

sibility of conducting channel selection.

Channel selection schemes can be classified into pre-

sensing and post-sensing strategies. The pre-sensing

scheme benefits from pre-determination of target channel

selection without inducing excessive waiting time for

spectrum handoff. However, inefficient channel selection

can be occurred due to fast-changing environments for

channel variations. On the other hand, the post-sensing

methods allow the CR users to determine the target chan-

nels based on both instantaneous observations and previous

updates of channel states. More precise channel conditions

can be acquired such that better spectrum handoff can be

performed by CR users. However, post-sensing strategies

require a great amount of time for spectrum sensing which

is considered inefficient for CR users to conduct spectrum

handoff. In this paper, without the necessity of obtaining all

the correct channel information, the partially observable

Markov decision process (POMDP) [9] will be utilized to

reveal network information by partially sensing available

frequency channels.

A POMDP-based spectrum handoff (POSH) mechanism

is proposed as a post-sensing strategy in order to acquire

the policy such that optimal channel can be obtained with

minimal waiting time at each occurrence of spectrum

handoff. The transition probabilities for the channel states

are derived by considering the channel as an M/G/1 system

with given packet arrival rate and service rate. In order to

observe the behavior of spectrum handoff, analytical

models for the proposed POSH protocol and other existing

channel selection schemes are derived, validated, and

compared via simulations in this paper. Furthermore,

practical considerations on the required phases for channel

selection are also discussed and compared between the

spectrum handoff schemes. It is demonstrated via simula-

tions that reduced waiting time can be obtained from the

proposed POSH protocol comparing with other existing

schemes.

Furthermore, multiple CR users can exist concurrently

and access the licensed spectrums in a more realistic

environment. Unlike the single user scenario, a specific

frequency spectrum can be simultaneously chosen by more

than one CR users as the target channel in multi-user

scenarios. Therefore, it is crucial to provide a channel

selection policy by considering information from other CR

users, and also to alleviate the overhead while multiple CR

users are contending for the target channel. In this paper, a

POMDP-based multi-user spectrum handoff (M-POSH)

protocol is proposed to extend the original POSH scheme

into the multi-user CR networks. In addition to merely

observing the primary user’s traffic, the M-POSH scheme

also monitors the required information from CR users in

the network. A negotiation procedure is employed to

facilitate the determination process for a feasible CR user

to operate within a specific target channel. In comparison

with other existing protocols, the proposed M-POSH

scheme can effectively minimize the waiting time for

spectrum handoff. Note that a short version of proposed

POSH protocol has be presented in our previous work in

[10]. Only a single CR user is considered in the network

scenario to perform spectrum handoff. Moreover, theoret-

ical models for proposed POSH scheme have not been

developed in the short paper for performance validation

and comparison.

The rest of this paper is organized as follows. The

related works are discussed in Sect. 1. The proposed POSH

scheme is modeled and derived in Sect. 3. Performance

analysis of the POSH protocol associated with practical

considerations is conducted in Sect. 4. Considering the

network scenario with multiple CR users, the M-POSH

protocol is proposed in Sect. 5. Section 6 illustrates the

performance evaluation for both the proposed POSH and

M-POSH approaches; while the conclusions are drawn in

Sect. 7.

2 Related work

Target channel selection can be categorized into two dif-

ferent types of schemes according to their sensing strate-

gies [11], i.e. the pre-sensing and post-sensing methods.

The pre-sensing scheme indicates that the secondary user

will sense the frequency spectrums and consequently

choose a sequence of selected target channels before the

beginning of its data transmission. Once the secondary user

is interrupted by the primary user, the secondary user will

be switched into a channel which was determined in

sequence in the pre-sensing phase. In general, pre-sensing

techniques can reduce the waiting time for spectrum

handoff since the target channel is selected based on a pre-

determined channel list. However, since the stochastic

characteristics of channel can vary drastically in realistic

environments, the pre-determined channel list can become

inefficient to be adopted in target channel selection for

spectrum handoff. The channel reservation scheme as

proposed in [12] conducts pre-sensing by exploiting the

balance between blocking probability and forced termina-

tion in order to reserve idle channels for spectrum handoff.

Analytical models have been studied in [13, 14] to illus-

trate the beneficial aspects of pre-sensing strategy. How-

ever, those reserved idle channels cannot be ensured

available at the time for spectrum handoff. As a result, the
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performance of pre-sensing strategies cannot be guaranteed

especially under fast-fading channel environments.

On the other hand, the post-sensing technique is

implemented while the secondary user is forced to termi-

nate its transmission by the primary user. The CR user will

start to sense the spectrum in order to verify if there are

available channels that can be accessed and consequently

become its target channels. Available network information

will be updated at each time slot and the CR user can

determine its target channel in the next slot based on cur-

rent observation and updated information state. Compared

to pre-sensing schemes, the post-sensing methods require

additional time overhead by conducting spectrum sensing

and implementing sensing policy. However, a more feasi-

ble and accurate channel can be selected by exploiting the

post-sensing schemes since the target channel is deter-

mined based on previous updated believable information

and instantaneous observation when the secondary user is

interrupted. Compared to post-sensing approaches, pre-

sensing schemes only consider historical and stationary

channel states for spectrum handoff. Since instantaneous

channel information is not taken into consideration, the

selected target channel will not always be optimal even

though decent channel is selected based on historical

information. Without considering the impact of time for

sensing strategies, the pre-sensing methods will outperform

random channel selection scheme on either throughput or

waiting time because user will select channel based on the

historical and stationary channel information, rather than

just randomly selecting channel. On the other hand, the

post-sensing methods will outperform pre-sensing scheme

because the post-sensing schemes update channel state

information for every time slot. The channel selection

strategy is based on the latest channel states and the opti-

mal channel can therefore be selected.

Nevertheless, the post-sensing methods in general

require excessive time in spectrum sensing, especially

under crowded network traffic. This situation is not per-

missible in spectrum handoff since the allowable time

duration is considered limited for the CR user to vacate its

current channel for the primary user. Furthermore, it is

assumed in most of the existing pre-sensing and post-

sensing strategies that all the channels within the network

can be correctly sensed, which is not realistic in practice. In

other words, the transition probabilities of all the channel

states are not always available to the CR users within the

network. The algorithm in [15] was proposed to estimate

the transition probability by adopting the maximum like-

lihood function. However, the converging speed for the

estimation algorithm becomes intolerably slow under small

value of transition probability.

Existing works have been proposed to design feasible

sensing time for CR users in order to achieve better system

performance [3, 16–18]. By partially sensing available

frequency channels, the POMDP framework proposed in

[9, 19–21] can be adopted to acquire network information.

Optimal channel sensing is acquired in [16] to achieve

maximum throughput for secondary user with consider-

ation of sensing time overhead in the formulated POMDP

problem. However, the proposed policy is designed for a

single CR user which cannot be applied to multiple CR

users. The scheme proposed in [17] obtains optimal allo-

cation of sensing time in CR networks. However, the

proposed approach can only be exploited in the case that

there are two primary channels, which is not suitable for

generalized networks with multi-channel operations. The

POMDP-based dynamic spectrum access (DSA) MAC

protocols are proposed in [3, 18] to provide CR users with

the optimal policies for spectrum handoff in order to

achieve maximum throughput. However, in [3, 18], con-

sidering the cases with multiple CR users, only one CR

user can win and access a single channel while the

remaining CR users are not allowed to adopt the other

available channels. In other words, unselected idle chan-

nels will become wasted spectrum holes since these

channels are not considered optimal channel to be selected

by the remaining CR users.

3 Proposed POMDP-based spectrum handoff (POSH)

scheme

In this section, the POMDP framework will be utilized to

model the spectrum handoff problem in a slotted overlay

CR network. The proposed POSH scheme is exploited

under the single CR user scenario in Sect 3.1. The protocol

implementation of proposed POSH scheme will be

explained in Sect. 3.2.

3.1 System model for POSH scheme

A Markov decision process (MDP) refers to a discrete time

stochastic control process that conducts decision-making

based on the present state information sk 2 Sk; where Sk

represents the entire state space at the kth time slot. Con-

sidering the realistic case that not all the current states are

obtainable, the partially observable Markov decision pro-

cess (POMDP) [9] is utilized to determine the decision

policy based on the partially available information and the

observations from external environment. The schematic

diagram of POMDP framework is illustrated in Fig. 1. In

general, optimization techniques are exploited in order to

obtain the solution for the POMDP-based problem.

In the considered CR network, there are N channels that

are available to be accessed by both the primary and sec-

ondary users. Based on the secondary user’s point of view,

Wireless Netw (2014) 20:1003–1022 1005

123



each channel is assumed to be either in the busy state, i.e.

occupied by the primary user, or in the idle state, i.e. free to

be accessed. In other words, the channel state information is

the channel occupancy condition of primary user, i.e. zero

represents the idle state and one stands for the busy state. Due

to the excessive time for sensing entire spectrum, the sec-

ondary user only partially senses one channel at once, i.e.

only the channel condition of a single channel can be

obtained. The channel conditions of the other channels that

are unobservable will be estimated and updated based on

prediction via the belief state. Considering that ci,k denotes

the state of the ith channel in time slot k, the state of the entire

network in the kth time slot can be written as

sk ¼ ½c1;k; . . .; ci;k; . . .; cN;k�; ci;k 2 f0; 1g; 8sk 2 Sk ð1Þ

where ci,k = 0 indicates the idle state and ci,k = 1

represents the busy state. Since not all the states are

directly observable within the POMDP setting, a set of

observations zk 2 Zk is essential to provide an indication

about which state the environment should be located. The

observations can be considered with probabilistic nature,

where an observation function o is defined as a probability

distribution over all possible observations zk for each action

ak and resulting states sk?1, i.e.

oðskþ1; ak; zkÞ ¼ Prðzkjak; skþ1Þ ð2Þ

8zk 2 Zk; ak 2 Ak; skþ1 2 Skþ1 where Ak stands for the

action set at the kth time slot. The parameter ak denotes the

action chosen by the POMDP formulation and sk?1 is the

resulting state after executing action ak. The most essential

part in spectrum handoff is the target channel selection,

which is defined as the action set within the POMDP

framework. In other words, an action ak at the time instant

k is to appropriately choose the target handoff channel from

the entire N channels within the CR network, i.e.

ak ¼ f1; . . .;Ng. After the execution of an action, the

channel state can consequently be observed. The set of

observations zk 2 f0; 1g can be defined as the sensing

outcome, where 0 represents the idle state and 1 stands for

the busy state.

The belief state, i.e. the information state, is developed to

reveal the state of environment and help to behave truly and

effectively in a partially observable world. The belief state

bðSkÞ is a statistic distribution over the state space Sk; while

b(sk) corresponds to the probability of state sk with
P

sk2Sk
bðskÞ� 1. It is noticed that the belief state comprises a

sufficient statistical information for the past history,

including all the actions and observations that can provide a

basis for decision-making under environmental uncertain-

ties. Furthermore, the essential part of belief state is that it

can be updated after each corresponding action in order to

incorporate one additional step of information into the his-

tory. It is considered beneficial to capture the variations from

dynamic environment and consequently obtain more accu-

rate information of the environment. As shown in Fig. 1, the

updated belief state is acquired as the outcome of state

estimator, which is composed by the inputs of observation,

action, and previous belief state. Therefore, b(sk?1) that

corresponds to probability of state sk?1 at time slot k ? 1 will

be equal to

It can be obtained as

bðskþ1Þ ¼ Prðskþ1jbðSkÞ; ak; zkÞ

¼
oðskþ1; ak; zkÞ

P
sk2Sk

Cðsk; ak; skþ1ÞbðskÞ
PrðzkjbðSkÞ; akÞ

ð3Þ

where b(sk) indicates the former belief state of sk. The

parameter Cðsk; ak; skþ1Þ represents the state transition

probability from sk to sk?1 according to the action ak, i.e.

Cðsk; ak; skþ1Þ ¼ Prðskþ1jak; skÞ. In the numerator of (3),

the summation of Cðsk; ak; skþ1Þ updates the belief state by

prediction based on state transition probabilities; while the

observation oðskþ1; ak; zkÞ updates the belief state by

Realistic Environments

( +1)

+1
State transition

-1

( -1)

POMDP 
  Policy

-1

Belief state update

    Partial 
observations

POMDP 
  Policy

( )

1

Fig. 1 The schematic diagram of the POMDP framework

Prfstate transition from all possible states 8sk 2 Sk to skþ1g
Prfstate transition from all possible states 8sk 2 Sk to all possible states 8skþ1 2 Skþ1g

:
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observing the sensing outcome zk with executing action ak

and resulting state sk?1. The denominator of (3) can be

considered as a normalizing factor, which is obtained as

PrðzkjbðSkÞ; akÞ ¼
X

sk2Sk ;

X

skþ12Skþ1

oðskþ1; ak; zkÞ

� Cðsk; ak; skþ1ÞbðskÞ ð4Þ

In the proposed POSH scheme, the transition probability

can be determined by modeling a channel as a single-server

queue with interarrival time and service time are

exponentially distributed with arrival rate k and service

rate l. Note that exponential distribution is often assumed

in the modeling of CR networks as in [12, 22, 23]. With the

assumption of exponential interarrival time and service

time, the inherent Markov property can be utilized in the

mathematical analysis. By assuming Poisson traffic for the

arrival packets, the probability distribution of arriving

packets can be represented as

Prðnk;k ¼ xÞ ¼ e�kkx

x!
ð5Þ

where nk,k denotes the number of arriving packets in the kth

time slot. With the execution of action ak, the channel

transition probability sðci;k; ak; ci;kþ1Þ represents the

transition from the present channel state ci,k to the channel

state ci,k?1 at the next time slot. By adopting the result from

(5), the transition probability from idle to idle state for a

channel ci,k after executing action ak can be acquired as

sðci;k ¼ 0; ak; ci;kþ1 ¼ 0Þ ¼ Prðnk;k ¼ 0; ci;k ¼ 0Þ
Prðci;k ¼ 0Þ

¼ Prðnk;k ¼ 0Þ � Prðci;k ¼ 0Þ
Prðci;k ¼ 0Þ ¼ e�k ð6Þ

for i ¼ f1; . . .;Ng. It is noted that the second equality in (6)

is attributed to the fact that the availability of a channel in

any kth time slot is independent to the total number of

arrival packets within the same slot. On the other hand, the

transition probability for the channel ci,k coming from busy

to idle state can be expressed as

sðci;k ¼ 1;ak;ci;kþ1 ¼ 0Þ ¼ Prðnk;k ¼ 0;nk;k�1 [0;Ts;k�1Þ
Prðci;k ¼ 1Þ

¼ Prðnk;k ¼ 0Þ �Prðnk;k�1 [0Þ �PrðTs;k�1Þ
Prðci;k ¼ 1Þ

ð7Þ

where the second equality is also contributed to the

independency of the three probabilities within the numerator

of (7). The parameter Ts,k is the total service time in time slot

k which includes both the time durations for serving packets

coming into this kth time slot and the remaining packets acquired

from the previous (k - 1)th slot. It is assumed that c1; c2; . . .; ca

are the exponential random variables of a packet service time

with mean value of 1/l, where a represents the number of

packets arrived from the previous (k - 1)th slot, i.e. nk;k�1 ¼ a.

The time server takes for serving these a packets within the kth

slot is denoted as Ta;k ¼
Pa

j¼0 cjPrðnk;k�1 ¼ aÞ. Therefore, the

third term in the numerator of (7) can be rewritten as

PrðTs;k � 1Þ ¼ PrðTs;k�1� 1Þ � PrðTa;k� 1Þ
þ PrðTs;k�1 [ 1Þ � PrðTs;k�1 � 1þ Ta;k� 1Þ

ð8Þ

which is the combination of two cases as follows: (a) the

packets can be served in both previous and this time slots;

and (b) the packets have not been entirely served in the

previous slot but are able to be served in this time slot.

Furthermore, the denominator of (7) that represents the

probability for a busy channel can be expressed as

Prðci;k ¼ 1Þ ¼ Prðnk;k�1 [ 0Þ þ Prðnk;k�1 ¼ 0Þ
� PrðTs;k�1 [ 1Þ

ð9Þ

Based on (6) and (7), the transition probabilities from idle

to busy state and from busy to busy state can be

respectively obtained as sðci;k ¼ 0; ak; ci;kþ1 ¼ 1Þ ¼ 1�
sðci;k ¼ 0; ak; ci;kþ1 ¼ 0Þ and sðci;k ¼ 1; ak; ci;kþ1 ¼ 1Þ ¼
1� sðci;k ¼ 1; ak; ci;kþ1 ¼ 0Þ. As a result, by assuming

that each channel ci,k is independent with each other for

i = 1 to N, the transition probability for the entire network

Cðsk; ak; skþ1Þ can be obtained as

Cðsk; ak; skþ1Þ ¼
YN

i¼1

sðci;k ¼ 11; ak; ci;kþ1 ¼ 12Þ ð10Þ

where ci;k 2 sk; ci;kþ1 2 skþ1, and 11; 12 2 f0; 1g. In order

to ensure optimal decision is made by adopting the

POMDP-based approach, it is necessary to provide a

measurement such as to evaluate the cost or to reward the

update from each state. An immediate reward function

rðsk; ak; skþ1; zkÞ is defined to represent the reward by

executing action ak which turns from state sk to sk?1

associated with the observation zk. Since both the state

transition and observation function are probabilistic, the

expected immediate reward Rðsk; akÞ can be obtained as

Rðsk; akÞ ¼
X

skþ12Skþ1;

X

zk2Zk

Cðsk; ak; skþ1Þ � oðskþ1; ak; zkÞ

� rðsk; ak; skþ1; zkÞ
ð11Þ

Rðsk; akÞ is the expected reward deriving by executing the

action ak with current state sk. It is equivalent to the state

transition probabilities from current state sk to every pos-

sible state 8skþ1 2 Skþ1 times the reward function by

executing action ak which turns from state sk to sk?1. All

possible states transition and corresponding rewards are

considered. It is noticed that the expected immediate
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reward function Rðsk; akÞ is denoted as the one-step value

function since only the present reward is the major con-

cern. The optimal policy can be directly determined by

adopting the reward function as in (11). However, certain

period of time is always considered to evaluate the value of

reward. Therefore, the decision policy by exploiting the

POMDP is determined by optimizing the L-step value

function with L C 1.

The main objective of proposed POSH scheme is to select

a target channel that has the minimum waiting time, i.e. the

smallest number of waiting slots required for the CR user if

the target channel is still occupied by the primary user. Note

that the time required for spectrum handoff of a CR user is

defined as the time duration from the termination of packet

transmission in one channel to the starting time of retrans-

mission in another channel. The waiting time, which is

served as the cost function within the POMDP framework,

will be minimized by the POSH scheme with the selection of

an optimal channel in the spectrum handoff process. The

immediate cost is considered as the total number of waiting

slots nw required by the secondary user while executing a

specific action, i.e. a� ¼ ak, for spectrum handoff. Conse-

quently, we define the expected cost Cðsk; akÞ as

Cðsk;akÞ ¼
1

Rðsk;akÞ
¼ nak

w

¼ E½nw ¼ ‘ja� ¼ ak� ¼
X1

‘¼0

‘ �Prðnw ¼ ‘ja� ¼ akÞ

¼
X1

‘¼1

‘ �Pr

\‘

p¼1

cak;kþp�1 ¼ 1;cak ;kþ‘ ¼ 0;

 !

¼
X1

‘¼1

‘ � sðcak ;kþ‘�1 ¼ 1;ak;cak ;kþ‘ ¼ 0Þ

�Pr

\‘

p¼1

cak ;kþp�1 ¼ 1

 !

¼
X1

‘¼1

‘ � sðcak ;kþ‘�1 ¼ 1;ak;cak ;kþ‘ ¼ 0Þ

�Prðcak ;k ¼ 1Þ � sðcak ;k ¼ 1;ak;cak ;kþ1 ¼ 1Þ‘�1

ð12Þ

where cak;k denotes the channel state after selecting channel

ak at the time instant k. Noted that the cost function

Cðsk; akÞ is the expected waiting time after selecting

channel ak based on the present state sk and is defined as the

inverse of the expected immediate reward Rðsk; akÞ in (11)

that will be utilized in the POMDP formulation.

3.2 Protocol implementation of POSH scheme

An overlay slotted CR network with partially observable

information is considered for the POSH scheme, which

indicates that the secondary user is not allowed to coexist

with the primary user while the time duration for packet

transmission is divided into time slots. As shown in Fig. 1,

partial channel information oðskþ1; ak; zkÞ is assumed

available to be observed by the secondary users, which will

be exploited for the update of belief state b(sk?1) as in (3).

The secondary user utilizes the updated belief state in order

to estimate the channel state of CR network.

According to POMDP framework, an L-step value

function will be adopted to obtain corresponding action

that results in minimal waiting time after handoff process.

Note that L-step indicates that the current action is deter-

mined based on the future information from the predicted

L time slots. In other words, based on the L-step value

function V�L ½bðskÞ�, which is mapped from the belief state

space, CR user will determine feasible action to take for

achieving the highest reward. The L-step value function for

CR user can be obtained as

V�L ½bðskÞ� ¼ max
ak2Ak

X

sk2Sk

bðskÞ � Rðsk; akÞ

þ q
X

zk2Zk

PrðzkjbðSkÞ; akÞ � V�Lþ1½bðskþ1Þ� ð13Þ

where q is denoted as a discount factor for convergence

control of the value function. The probability Prðzkjb
ðSkÞ; akÞ is defined as in (4). Notice that the computation of L-

step value function in (13) is considered complex and in

general difficult to solve. The one-step value function as was

adopted in [3, 18] is usually employed, i.e., V�1 ½bðskÞ� ¼
maxak2Ak

P
sk2Sk

bðskÞ � Rðsk; akÞ; since it is feasible and

sufficient for generic network circumstance.

Furthermore, the dimension of belief state Sk; where

Sk ¼ ½sk;1; . . .; sk;M � with M = 2N, grows exponentially as

the number of channel is augmented, which makes it dif-

ficult to be adopted for practical implementation. Based on

the property of independent channels, a linear state vector

as proposed in [24] can be utilized to denote the set of busy

channel probability, i.e., Xk ¼ ½x1;k; . . .xi;k; . . .xN;k� where

xi,k represents the probability that channel i is busy in time

slot k. Therefore, the belief state b(sk) within the value

function can be replaced by xi,k such that the statistics

dimension of the considered CR network can be effectively

reduced from 2N to N. Therefore, the one-step value

function can be rewritten as

V�1 ½bðskÞ� ¼ max
ak2Ak

X

sk2Sk

bðskÞ � Rðsk; akÞ ¼ V�1 ½xi;k�

¼ max
ak2Ak

X

xi;k2Xk

xi;k � Rðxi;k; akÞ

¼ min
ak2Ak

X

xi;k2Xk

xi;k � Cðxi;k; akÞ

¼ min
ak2Ak

X

xi;k2Xk

xi;k � nak

w

ð14Þ
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where nak
w can be obtained from (12) as the expected

number of waiting time slots if action ak is executed.

Consequently, the action taken in time slot k for

minimizing the expected waiting time slots is chosen as

a�k ¼ arg min
ak2Ak

xak ;k �
X1

‘¼1

‘ � sðcak ;kþ‘�1 ¼ 1; ak; cak ;kþ‘ ¼ 0Þ

� sðcak ;k ¼ 1; ak; cak ;kþ1 ¼ 1Þ‘�1 ð15Þ

Note that the computational complexity for obtaining (15)

will be OðN � ‘Þ where ‘ corresponds to the total number of

time slots required for the computation of expected waiting

time. In practice, finite value of ‘ will be adopted and the

convergence behavior of ‘ will be evaluated in Sect. 6. At

the beginning of time slot where spectrum handoff occur-

red, the CR user will choose a target channel that possesses

minimum waiting slots based on the results obtained from

(15). After switching to the target channel, the CR user will

conduct the sensing task for observing the newly updated

channel state even though only partial state information is

obtainable. After waiting for the required time slots that are

determined by the POSH scheme, the secondary user can

start to conduct its packet transmission within the target

channel.

4 Performance analysis of proposed POSH scheme

In this section, the analytical model for proposed POSH

scheme is derived in Sect. 4.1 in order to analyze its per-

formance. The models for both the non-spectrum handoff

(NSH) scheme and the randomly choose strategy (RCS)

will also be demonstrated. As the NSH scheme is per-

formed, CR user will remain to stay at the current channel

even though this channel is sensed busy at the beginning of

time slot. The CR user has to wait for the next spectrum hole

within the same channel for potential data transmission. On

the other hand, with the RCS scheme, CR user will ran-

domly select and switch to another channel for channel

access if the current channel is occupied by a primary user.

As the proposed POSH scheme is adopted, the CR user will

perform the POMDP policy to determine its target channel

when the current channel is unavailable due to the existence

of primary user. Based on the POMDP policy, optimal

channel can be obtained with minimal waiting time during

spectrum handoff for CR users. The effectiveness of ana-

lytical models is to serve as validation purpose for these

schemes, which will be compared with simulation results as

in Sect. 6. Furthermore, the analytical models for these three

handoff algorithms under practical considerations will also

be derived and explained in Sect. 4.2.

4.1 Analytical modeling of spectrum handoff schemes

The analytical models for the three spectrum handoff

schemes, including NSH, RCS, and POSH mechanisms,

will be derived and studied in this subsection. It is noted

that the parameter ak defined in the previous section

emphasizes the action executed at the time slot k, and

consequently to acquire the reward function Rðsk; akÞ at

time k as in (12). However, it is not essential to point out a

particular moment in analytical expressions, i.e. the sub-

script k for each action ak will be neglected in the

remaining discussion. Instead, the action as is defined as

the selected target channel which can be either the current

channel ac or the destination channel ad, where ad 2
f1; . . .;Ng and ad 6¼ ac. The channel selected by the action

as will be retained for a time period until another action is

executed.

4.1.1 NSH scheme

Let nw,nsh be the expected waiting time if the NSH scheme

is performed, the CR user will not switch to other channels

but stay at its current channel ac to wait for the next

spectrum hole. Similar to (12), the expected waiting time

nac

w;nsh can be obtained as

nw;nsh ¼ E½nw ¼ ‘ja� ¼ ac�

¼
X1

‘¼1

‘ � Pr

\‘

p¼1

cac;kþp�1 ¼ 1; cac;kþ‘ ¼ 0

 !

¼
X1

‘¼1

‘ � sðcac;kþ‘�1 ¼ 1; ac; cac;kþ‘ ¼ 0Þ

� sðcac;k ¼ 1; ac; cac;kþ1 ¼ 1Þ‘�1

ð16Þ

It is noted that the third equality in (16) indicates that the

NSH method is adopted under the condition that no

spectrum handoff is executed at the current time k even

though the current channel state is busy, i.e. cac;k ¼ 1.

Therefore, the expected waiting time by exploiting NSH

scheme nw,nsh can be obtained by assigning Prðcac;k ¼ 1Þ ¼
1 in (12).

4.1.2 RCS scheme

Let nw,rcs be the expected waiting time as the RCS scheme is

performed, the CR user will randomly switch to a target

channel as from the network spectrums 1 to N to acquire

channel access. Therefore, for the calculation of nw,rcs, there

exists probability Prða� ¼ asÞ for the action as to select one

channel within all the N channels as below:
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nw;rcs ¼
XN

as¼1

E½nw ¼ ‘ja� ¼ as� � Prða� ¼ asÞ

¼ 1

N
� E½nw ¼ ‘ja� ¼ ac� þ

1

N
�

XN

ad¼1;ad 6¼ac

E½nw ¼ ‘ja� ¼ ad�

¼ 1

N
� nw;nsh þ

1

N
�

XN

ad¼1;ad 6¼ac

nad

w

ð17Þ

where nw,nsh is defined in (16). The parameter nad
w denotes

the expected waiting time by selecting the channel ad

without staying at the current channel ac, which can be

computed from (12) by assigning ak ¼ ad. In the case that

the traffic pattern of all the N channels are identical, (17)

can be reformulated by incorporating (16) as

nw;rcs ¼
1

N
1þ

XN

ad¼1;ad 6¼ac

Prðcad ;k ¼ 1Þ
" #

�

X1

‘¼1

‘ � sðcas;kþ‘�1 ¼ 1; as; cas;kþ‘ ¼ 0Þ

� sðcas;k ¼ 1; as; cas;kþ1 ¼ 1Þ‘�1

ð18Þ

As illustrated in (18), the expected waiting time obtained

from the RCS scheme should be less or at least equal to

that acquired from NSH method, i.e. nw;rcs� nw;nsh, since

the probability Prðcad ;k ¼ 1Þ� 1 8ad 6¼ ac. The benefit for

using the random channel selection scheme over the case to

remain at the current channel can therefore be analytically

revealed.

4.1.3 POSH scheme

The channel selection behavior of both the NSH and RCS

schemes are straightforward such that their analytical

models can be directly expressed by stationary probabili-

ties and transition probabilities. The proposed POSH

scheme, on the other hand, determines its target channel by

the POMDP policy which is derived from the belief state at

each step as shown in Fig. 1. Since the value of belief state

is obtained from the observation, action, and former belief

state at each step, it is not possible to predict and obtain the

target channel in advance. Nevertheless, the analytical

model of POSH scheme can still be approximately esti-

mated since the updated belief state will gradually

approach to stationary probability considering that the

network is not rapidly varying. Let nw,posh be the expected

waiting time as the POSH scheme is adopted, the resulting

formulation is similar to the RCS scheme except that the

probabilistic distribution ~Prða� ¼ asÞ of action a* is con-

sidered non-uniform in this case, i.e.

nw;posh ¼
XN

as¼1

E½nw ¼ ‘ja� ¼ as� � ~Prða� ¼ asÞ ð19Þ

Let nad1
w and nad2

w be the first and second minimum expected

waiting time resulted from action ad1 and ad2 by adopting

the proposed POSH scheme, respectively. These two

actions can be expressed as

ad1 ¼ arg min
8as

nas

w

ad2 ¼ arg min
8as;as 6¼ad1

nas

w

ð20Þ

where the expected waiting time by conducting spectrum

handoff nas
w can be obtained from (12) by assigning ak ¼ as.

The statistical distribution of the chosen action a* in

proposed POSH scheme can be acquired as

~Prða� ¼ asÞ¼
1; for as¼ ad1;and nad1

w;nsh�nad2
w

0:5; for as¼ ad1 or ad2; and nad1

w;nsh [nad2
w

0; otherwise

8
><

>:

ð21Þ

where nad1

w;nsh denotes the expected waiting time by staying

at the same channel ad1 that was determined in the previous

time slot. It can be observed that the first case ~Prða� ¼
asÞ ¼ 1 in (21) happens under the situation that as is

selected as ad1 and nad1

w;nsh� nad2
w . This case indicates that the

expected waiting time obtained by staying at the channel

ad1 will be comparably smaller or equal to that from the

POSH-based spectrum handoff scheme nad2
w : It is suggested

not to conduct spectrum handoff to another channel ad2,

which results in the probability of staying at the channel

a� ¼ ad1 to be equal to 1, i.e. ~Prða� ¼ ad1Þ ¼ 1. On the

other hand, the other case with nad1

w;nsh [ nad2
w should also be

taken into account. It is considered that the previous

selected channel is ad1. If the expected waiting time

resulted from ad1 without spectrum handoff is larger than

that from ad2 by conducting spectrum handoff, the corre-

sponding CR user will decide to switch into channel ad2.

Nevertheless, instead of remaining at channel ad2, CR user

will choose ad1 again at the next spectrum handoff since

the waiting time nad1
w is smaller than nad2

w;nsh as depicted in

(20). As a result, the channels ad1 and ad2 will alternatively

be chosen depending on the previous action of the CR user,

which results in ~Prða� ¼ asÞ ¼ 0:5 for either a* = ad1 or

ad2 if nad1

w;nsh [ nad2
w :

Note that (21) presents the generic methodology to

analyze the optimal policy. If the channel observed at the

current time still results in the minimum waiting time as

the selected optimal channel in the previous time slot, that

channel will be chosen by the optimal policy at the current

time slot. On the other hand, if the optimal channel selected
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at the previous time slot does not result in the minimum

waiting time in the current time, the channel with second

minimum waiting time observed at the previous time slot

will be considered as the smallest one and is chosen at the

current time. Consequently, the channels with the mini-

mum and the second minimum waiting time slots will be

alternatively selected in order to achieve the optimal pol-

icy. For example, it is considered that the minimum

expected waiting time resulted from action ad1 at the

(k - 1)th time slot is assumed to occur at channel 1, i.e.

ad1ðk � 1Þ ¼ CH1. The expected waiting time slots

observed at time k to stay at the same channel ad1ðk � 1Þ ¼
CH1 is denoted as n

ad1ðk�1Þ¼CH1

w;nsh ðkÞ. In the case that

n
ad1ðk�1Þ¼CH1

w;nsh ðkÞ\n
ad2ðk�1Þ¼CH2
w ðkÞ, the optimal channel at

the kth time slot will be selected as ad1ðkÞ ¼ ad1ðk � 1Þ ¼
CH1 as denoted in the first case of (21). On the other hand,

if n
ad1ðk�1Þ¼CH1

w;nsh ðkÞ[ n
ad2ðk�1Þ¼CH2
w ðkÞ, the target channel at

time k will be chosen as ad1ðkÞ ¼ ad2ðk � 1Þ ¼ CH2 since

CH2 is observed to possess smaller waiting time at time

k. Progressively, considering the (k ? 1)th time slot with

n
ad1ðkÞ¼CH2

w;nsh ðk þ 1Þ[ n
ad2ðkÞ¼CH1
w ðk þ 1Þ, the optimal chan-

nel at time (k ? 1) will be selected as ad1ðk þ 1Þ ¼
ad2ðkÞ ¼ ad1ðk � 1Þ ¼ CH1 owing to the reason that the

expected waiting time resulting from CH1 is smaller than

that to stay at CH2. It can be observed that the target

channel will be alternatively selected between CH1 and

CH2, which reflects the second case of (21).

Although there exist overheads such as channel

switching time while implementing the POMDP policy, it

will be beneficial to decrease the expected waiting time

after conducting channel switching. The secondary user has

to select the channel with currently expected minimum

waiting time as the target channel, otherwise, the expected

waiting time will arise because of the increased probability

of channel occupancy by primary user. The penalty, i.e.

waiting time, of staying at the current channel which is not

the optimal target is much larger than the delay of channel

switching to an optimal channel. Consequently, according

to the probabilistic distribution of the action a* as obtained

in (21), the expected waiting time of proposed POSH

scheme can be reformulated from (19) as

nw;posh ¼
nad1

w;nsh; if nad1

w;nsh� nad2
w

1
2

nad1
w þ 1

2
nad2

w ; if nad1

w;nsh [ nad2
w

�

ð22Þ

The benefits of these analytical models can provide the

flexibility to evaluate the performance of different spec-

trum handoff schemes in advance. A feasible mechanism

can be selected by the CR user that will be most beneficial

in specific circumstance. Performance validation and

comparison between these schemes will be illustrated later

in Sect. 6

4.2 Practical considerations for spectrum handoff

schemes

In the previous subsection, according to the POMDP-based

channel selection policies, the analytical results show that

the proposed POSH scheme should provide reduced

expected waiting time than that from both the RCS and

NSH algorithms at the occurrence of spectrum handoff.

However, the ideal circumstance is assumed where only

data transmission is considered in a specific time slot. In

practice, it is inevitably to spend a period of time to detect

the network condition and to make sure that spectrum

handoff can be successfully executed. It is intuitive to

recognize that additional periods of time can be required by

the proposed POSH scheme for conducting the POMDP-

based channel selection with partially observable channel

information. Therefore, practical consideration for spec-

trum handoff that involves channel sensing and hand-

shaking will be discussed in this subsection. The

performance difference between these schemes under the

practical circumstance can consequently be observed.

As mentioned in previous sections, the time slotted sys-

tem is considered in this paper as shown in Fig. 2. It is

required for the CR user to perform spectrum sensing on its

current channel at the beginning of each time slot in order to

assure the availability of the present channel. Note that

perfect channel sensing is assumed for each CR user. If the

outcome of spectrum sensing is observed to be idle, the CR

user can remain in the same slot to conduct packet trans-

missions. The receiver will consequently return an

acknowledgement (ACK) frame at the end of this slot to

acknowledge the reception of data packet. On the other hand,

in the case that the sensing outcome is busy, additional

messages will be delivered in order to perform different

spectrum handoff schemes which are stated as follows.

4.2.1 NSH scheme

As shown in Fig. 2(a), the behavior for the time-slotted

channel with the adoption of NSH scheme is depicted. The

time slots tk and tkþ‘ ðfor ‘� 0) are utilized to represent the

initial and final slots that are considered in the various handoff

schemes. At the slot tk, the intention from primary user to

utilize this channel is observed during the spectrum sensing

period. Based on the NSH scheme, the CR user will remain

silent on the current channel and wait until the primary user to

finish its transmissions. Considering that the traffic from pri-

mary user has not been observed during the sensing period of

slot tkþ‘, the CR user can consequently conduct its data

transmission. Therefore, the total waiting time by adopting the

NSH scheme (i.e. Tw,nsh) can be expressed as

Tw;nsh ¼ nw;nsh � Tslot þ Tsens ð23Þ
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where the expected number of waiting time slots nw,nsh can

be obtained from (16). The parameter Tslot represents the

time duration of each slot and Tsens denotes the time

interval of sensing period. Furthermore, the net

transmission time within a time slot by adopting the NSH

method (i.e. Ts,nsh) can be acquired as

Ts;nsh ¼
Tslot � Tsens � Tack

nw;nsh þ 1
ð24Þ

where Tack indicates the required time for returning the

ACK packet to conduct handshake for data transmission.

Noted that the net transmission time within a time slot

Ts,nsh in (24) is defined as the data transmission time in a

time slot divided by the total time slots required for a

transmission. Based on the definition, the total time slots

required for a transmission includes the total waiting time

nw,nsh and the one time slot for data transmission. It can be

observed that the net transmission time Ts,nsh will be

reduced with larger number of waiting slots nw,nsh.

4.2.2 RCS scheme

The practical consideration for the RCS scheme is illus-

trated in Fig. 2(b). After the initial sensing, the CR trans-

mitter will randomly select a target channel for spectrum

handoff, where the determination process is assumed short

and negligible. In the RCS scheme, the CR user does not

know the channel conditions and it has no idea how long

the waiting time will be no matter it stays at the newly

sensed channel or switches every time slot to find a free

channel. It will not be beneficial for CR user to switch

channel at every time slot, which can cause more over-

heads such as channel switching time for the CR user.

Therefore, the RCS scheme adopts the case that CR user

randomly selects a new channel and stays in that channel

until it becomes available as shown in Fig. 2(b). Consider

the RCS scheme with N channels in the network, there are

1/N probability that the CR user will remain at its current

channel; while there are (N - 1)/N possibility switching to

another spectrum. The average waiting time of RCS

scheme Tw,rcs can be obtained as

Tw;rcs ¼
1

N
� Tw;nsh þ

1

N

XN

ad¼1;ad 6¼ac

Prðcad ;k ¼ 1Þ � nad

w � Tslot

�

þPrðcad ;k ¼ 0Þ � ðTsw þ TsensÞ þ Tsens þ Ths

�

ð25Þ

where Tw,nsh is obtained from (23) if the CR user is

determined to stay at the existing channel. In the case that

the CR user is suggested to switch to another channel, both

the switching time Tsw and an additional sensing time Tsens

will be required in order to observe if the destination

channel is busy or not. If the target channel is occupied by

the primary user with probability Prðcad ;k ¼ 1Þ; additional

waiting time slots nad
w are required until the channel

becomes idle to be utilized. On the other hand, if the

randomly selected channel is found to be idle with

probability Prðcad ;k ¼ 0Þ; both the CR transmitter and

receiver will spend the time interval Ths for exchanging

handshake messages in order to confirm the utilization of

B .... .

Tu

Tp

Ths

B I Tack

B

B
Tsw

B I Tack

B

B
Tsw

TuB Tu I Tack

.... .

.... .

.... .

.... .

Tw, nsh

Tw, rcs

Tw, posh

Tslot

t k t k+1 t k+l

Current Channel

Destination Channel

Current Channel

Destination Channel

Current Channel

(a) NSH Scheme

(b) RCS Scheme

(c) POSH Scheme

Sensing with Busy State (Tsens)B

Sensing with Idle State (Tsens)I
Tsw

Tp

Tu

POMDP Policy

Belief State Update

Ths

Tack

Handshake Time

ACK Packet
Switching Time

Primary User Traffic CR User Traffic

Fig. 2 Practical consideration for the time-slotted channels with different spectrum handoff protocols: a NSH scheme, b RCS scheme, and

c POSH scheme
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target channel. Moreover, the resulting net transmission

time in a slot Ts,rcs can therefore be acquired as

Ts;rcs ¼
Tslot � Tsens � Ths � Tack

Nðnw;nsh þ 1Þ þ 1

N

XN

ad¼1;ad 6¼ac

1

nad
w þ 1

� ½Prðcad ;k ¼ 1Þ � ðTslot � Tsens � Ths � TackÞ
þ Prðcad ;k ¼ 0Þ � ðTslot � Tsens � Tsw � Tsens � Ths � TackÞ�

ð26Þ

where the computation of (26) can be depicted from

Fig. 2(b).

4.2.3 POSH scheme

The proposed POSH scheme with practical consideration is

shown in Fig. 2(c). It is assumed that all the CR users share

identical network condition and observe the same sensing

consequence. Since the POMDP policy is simultaneously

performed by both CR transmitter and receiver, it is

unnecessary to exchange handshake messages with

required time duration Ths in order to inform the receiver

which spectrum is selected as the target channel. Never-

theless, it is considered that an additional time interval Tp is

required by the CR user to implement the POMDP-based

policy, and the time Tu to update the belief state at the end

of each slot. Consequently, the overall waiting time Tw,posh

can be represented as

Tw;posh ¼
1

N
� Tw;nsh þ

N � 1

N
½Prðcas;k ¼ 1Þ � nw;posh � Tslot

þ Prðcas;k ¼ 0Þ � ðTsens þ Tp þ TswÞ þ Tsens�
ð27Þ

where as will either be ad1 or ad2 according to the

conditions as stated in (21). The net transmission time in a

slot Ts,posh becomes

Ts;posh ¼
1

Nðnw;poshþ 1Þ fðTslot � Tsens � Tack � TuÞ

þ ðN � 1Þ½Prðcad ;k ¼ 1Þ � ðTslot � Tsens � Tack � TuÞ
þPrðcad ;k ¼ 0Þ � ðTslot � Tsens � Tp� Tsw � Tsens

� Tack � TuÞ�g
ð28Þ

By comparing (27) and (28) from the POSH scheme with

(25) and (26) from the RCS scheme, it can be observed that

the performance difference between these two protocols

will be dominated by (a) the parameters nw,posh and

nad
w ; 8ad ¼ 1; ad 6¼ ac; and (b) the parameter set ðTp; TuÞ

and Ths. It is apparently that nw,posh should be smaller than

nad
w from the RCS algorithm since the POSH scheme is

designed to select the minimal waiting time for spectrum

handoff. On the other hand, the parameters ðTp; TuÞ that are

implemented in the POSH scheme should be feasibly

chosen in order not to result in excessive computation

overheads.

5 Proposed POMDP-based multi-user spectrum

handoff (M-POSH) protocol

In Sect. 3, the POSH scheme is introduced to provide the

POMDP-based policy for a single CR user in order to

determine the target channel for spectrum handoff. In the

case that the network exists more than one CR user whose

transmissions are interrupted by the primary users at a

specific time slot, it is possible that those CR users will

select an identical frequency channel for spectrum handoff.

Therefore, the consequence of performing the original

POSH scheme in multi-user network will result in packet

collisions among the CR users that intend to perform

spectrum handoff. In this section, a multi-user POSH (M-

POSH) protocol is proposed to distribute the CR users to

different opportunistic spectrums rather than contending

the access right in the same channel. The main purpose of

proposed scheme is to reduce the waiting time of entire

network by ensuring that every possible spectrum hole can

be fully exploited, whereas the fairness for channel access

among all CR users can still be maintained. In the fol-

lowing two subsections, the system model and implemen-

tation of the proposed M-POSH scheme will be described.

5.1 System model of M-POSH protocol

The system model of proposed M-POSH protocol is

described as follows. Unlike the POSH scheme, the

M-POSH protocol not only needs to consider the traffic of

primary user but also requires to coordinate the channel

access among the secondary users. Moreover, instead of

exchanging messages among the CR users in distributed

manner, a common control channel is utilized to exchange

required information between the CR users. There has been

arguments regarding whether to utilize a dedicate channel

for delivering control messages. The investigation in [25]

provides analytical results in order to illustrate the benefits

for adopting an dedicated control channel in the network.

The belief state for multi-user can be extended from that

for single user as defined in Sect. 3.1 and (1). The belief

state of the rth CR user is represented as brðci;kÞ; where

ci;k 2 f0; 1g denotes the state of the ith channel in time slot

k. Let ~Ak denotes the action set representing the channels

that are utilized by the CR users at time slot k, i.e. ~Ak 2 Ak

where Ak represents the entire action set which corresponds

to all the channels in the network as defined in Sect. 3.1.

The update for belief state in multi-user scenario can be

obtained as
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where ar,k represents the action of the rth user in time slot

k, and zr,k denotes the observation of the rth user in slot

k. The update process of belief state in (29) is derived via

the reduced strategy as in [3] for POMDP-based formula-

tion. For the rth user that decides to take action ar,k to access

the ith channel, i.e. ar,k = i, the update of the rth user’s

belief state brðci;kþ1Þ at time (k ? 1) will be determined by

its corresponding observation zr,k on the same ith channel at

time k. In other words, the update of belief state brðci;kþ1Þ ¼
0 if the ith channel is observed to be in the idle state at time

k, i.e. zr,k = 0; while brðci;kþ1Þ ¼ 1 in the case that zr,k = 1.

Another condition for the belief state at the (k ? 1)th time

slot to be in the busy state is that the action taken at time slot

k belongs to the busy channel set, i.e. ar;k 2 ~Ak. Further-

more, if the rth user is using a channel other than the ith

channel at current time k, i.e. ar,k = i, the update process

of belief state for the ith channel to remain in the idle state at

time (k ? 1) will be determined as shown in the third term

of (29). The idle probability for the belief state at the

(k ? 1)th time slot is equal to the idle transition probability

sðci;k ¼ 0; ar;k; ci;kþ1 ¼ 0Þ times the idle probability at time

k plus the busy to idle probability sðci;k ¼ 1; ar;k; ci;kþ1 ¼ 0Þ
times the busy probability at the same kth time slot.

5.2 Implementation of M-POSH protocol

Without loss of generality, it is assumed that all the

existing CR users are initially located and operated on

different frequency spectrums. After the channel sensing

period, a handshaking time interval is designed in the

proposed M-POSH protocol that all the CR users will listen

to a common control channel for potential handoff mes-

sages. In the case that a CR user intends to conduct spec-

trum handoff, it will broadcast a handoff message on the

control channel in order to announce all the other CR users

regarding the change of network condition. Since there

may exist more than one CR users that need to broadcast

their handoff messages simultaneously in the same time

slot, it is possible that these messages from different CR

users will collide with each other. A random backoff

contention window [26] is therefore utilized in the pro-

posed M-POSH scheme in order to resolve the potential

packet collision problem. Each CR user that intends to

deliver the handoff message on the control channel will

wait for a random number in a pre-specified interval such

as to ensure the success of message transmission. It is noted

that prioritized channel access between the CR users can

also be implemented by assigning different ranges of

contention windows among the CR users, e.g. CR users

with higher priority channel access should be designed

with a smaller range of contention window in order to

possess high opportunity to obtain channel access.

The handoff message delivered from each CR user

mainly includes the prioritized destination channel list, i.e.

Dr;k ¼ ½dr;1;k; . . .; dr;i;k; . . .; dr;N;k� where dr,i,k represents the

channel with ith priority for user r to select at time slot

k. The determination of channel priorities within the Dr;k

set is based on the required waiting time for user r to

handoff to that specific spectrum, which can be individu-

ally computed from (12) as

dr;i;k ¼ arg min
8ar;k2Ak ;ar;k 6¼dr;j;k8j\i

nar;k
w ð30Þ

for i = 1 to N. Note that the channel with smaller waiting

time will be assigned with higher priority in the prioritized

destination channel list Dr;k; i.e. with smaller value of

index i. After the handoff messages are broadcast in the

control channel during the handshaking time interval, all

the CR users that intend to conduct spectrum handoff will

determine their destination channel based on the prioritized

destination channel lists Dr;k from the received handoff

messages. The CR user that possesses smaller backoff

counter will have higher priority to select the channel with

comparably smaller waiting time slots.

The following example is utilized to explain the mecha-

nism of proposed M-POSH protocol. It is considered that

there are total of five channels in the network, i.e. N = 5.

There exists a primary user resides in channel 4 and three CR

users r1; r2; and r3 initially locate in channel 1, 2, and 3,

respectively. Each user conducts data transmission with its

distinct packet arrival rate. In the case that two primary users

intend to utilize their original channels 1 and 2 at time slot

k, the secondary users r1 and r2 will yield from their corre-

sponding channels 1 and 2 after conducting channel sensing.

Handoff messages will be broadcast to the control channel by

r1 and r2 during the handshaking time interval based on the

random backoff mechanism. It is assumed that the backoff

brðci;kþ1Þ ¼
0; ifðzr;k ¼ 0; ar;k ¼ iÞ and ar;k 62 ~Ak

1; if ðzr;k ¼ 1 and ar;k ¼ iÞ or ar;k 2 ~Ak

brðci;kÞ � sðci;k ¼ 0; ar;k; ci;kþ1 ¼ 0Þ
þ½1� brðci;kÞ� � sðci;k ¼ 1; ar;k; ci;kþ1 ¼ 0Þ; if ar;k 6¼ i

8
>><

>>:
ð29Þ
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counter for r1 and r2 is randomly selected to be 4 and 7

respectively, which indicates that handoff message from r1

will be delivered at the 4th minislot and that from r2 will be

broadcast at the 7th minislot. Note that packet collision may

happen when the users select the same number of backoff

counter, and they will go to the next backoff stage with the

window size doubled and continue until the maximum

backoff stage is reached. The prioritized destination channel

lists within the handoff messages for r1 and r2 can be

obtained based on the required waiting time slots in that

channel, which are assumed as Dr1;k ¼ f5; 1; 2; 3; 4g and

Dr2;k ¼ f5; 3; 1; 2; 4g in this example. Channel 5 is selected

as the first entry in both of the lists since it is not occupied by

any user at the time slot k. Note that the different channel

priorities between Dr1;k and Dr2;k can happen due to their

difference in channel observation and update based on the

POMDP-based policy. According to the value of backoff

counter, user r1 will have higher priority than r2 in choosing

the destination channel for spectrum handoff, i.e. channel 5

will be selected since it is in the first entry of its channel list

Dr1;k:On the other hand, user r2 will notice that r1 has higher

priority in selecting the destination channel and both users

possess the same channel 5 as the first entry in the prioritized

destination channel list. The second entry, i.e. channel 3, in

Dr2;k will be selected by r2 for spectrum handoff. Therefore,

user r1 will utilize the empty channel number 5 and r2 will

handoff to channel 3 waiting the required time slots for r3

before conducting packet transmission. The performance of

proposed M-POSH protocol for multiple CR user scenarios

will be evaluated via simulations in next section.

5.3 Analytical model of M-POSH protocol

In order to broadcast handoff messages during the time

interval Ths, all CR users have to contend for the access to

the control channel. The contention behavior is analyzed

based on [26] which studied the process of backoff oper-

ations with a Markov chain model. Let s be the probability

that the CR user transmits packet, and p be the probability

that each packet collides. According to [26], the relation-

ship between s and p can be obtained as

sðpÞ ¼ 2ð1� 2pÞ
ð1� 2pÞðW þ 1Þ þ p �Wð1� ð2pÞmÞ ð31Þ

pðsÞ ¼ 1� ð1� sÞn�1 ð32Þ

where W = CWmin is the minimum contention window,

m is the maximum backoff stage, and n is the number of

contending CR users. By iteratively solving these two

equations, the value of s and p can be obtained. Let Ptr be

the probability that there is at least one transmission in a

slot time, and Ps be the probability for a successful

transmission conditioned on the fact that at least one user

transmits. These two parameters can be derived based on

(31) and (32) as follows: Ptr = 1 - (1 - s)n-1 and Ps ¼
nsð1�sÞn�1

Ptr
: Therefore, the average time required for a

successful handshake on the control channel, denoted as

E[Tave], can be acquired as

E½Tave� ¼ Ts þ r
1� Ptr

PtrPs

þ Tc

1

Ps

� 1

� �

ð33Þ

where r is the slot time size. The parameters Ts and Tc are

the time required for a successful transmission and the time

duration while a collision happened, respectively, which

can be obtained as

Ts ¼ TRTS þ TSIFS þ dþ TCTS þ TSIFS þ dþ E½P� þ TSIFS

þ dþ TACK þ TDIFS þ d

ð34Þ
Tc ¼ TRTS þ TDIFS þ d ð35Þ

where d is the propagation delay and E[P] is the average

packet payload size. The other parameters in (34) and (35)

are the time durations denoted by their corresponding

subscripts, e.g. TSIFS represents the time interval for short

interframe space (SIFS). Let nmax be the maximum number

of CR users that complete the handshaking in the duration

of Ths, which can be obtained as nmax ¼ Ths=E½Tave� in

average. For ease of analysis, it is assumed that all the CR

users who need to utilize the control channel can suc-

cessfully exchange the handshaking packets in the duration

of Ths, which corresponds to the result that n \ nmax.

Furthermore, the number of CR users n is assumed smaller

than or equal to the number of total licensed spectrums in a

slotted CR network in this analysis, i.e., n B N, which will

be explained in the next paragraph. Note that the operation

of proposed M-POSH protocol is not limited to these two

assumptions.

The channel selection behavior of each CR user in the

M-POSH scheme is based on the proposed POSH protocol

for a single CR user. The case for the number of CR users to

be equal to the number of total licensed spectrums, i.e.

n = N, will first be considered in the analysis. If all the

network channels are occupied by the CR users, all the users

will decide to stay at the original channel in order to reduce

potential collision due to spectrum handoff, which is denoted

by the first case in (21) as nad1

w;nsh� nad2
w : The expected waiting

time by staying at the current channel will be comparably

smaller than or equal to that from the spectrum handoff

scheme. Therefore, as n = N, we can acquire the expected

waiting time for the M-POSH scheme to be equal to that for

the NSH scheme in (16), i.e. nw;mposh ¼ nw;nsh:

Furthermore, consider the case of n = N - 1, the

advantage of the M-POSH protocol is to distribute the

N - 1 CR users to exploit the one more available channel.
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It indicates that there is one more chance for the CR user to

switch to the other channel if nad1

w;nsh [ nad2
w : According to

(22), the expected waiting time for the M-POSH scheme

can be obtained as nw;mposh ¼ 1
2

nw;nsh þ 1
2

nw;posh if

n = N - 1. Consider the cases with n ¼ N � 2; N �
3; . . .; 1; one more channel will become available for the

CR users to execute spectrum handoff with one less CR

user in the network. The expected waiting time will

become 1
2

nw;mposh þ 1
2

nw;posh every time the number of CR

users is decremented by one. Consequently, the expected

waiting time by adopting the M-POSH protocol nw,mposh

can be obtained as

nw;mposh ¼ nw;nsh

1

2N�n
þ nw;posh

XN�n

‘¼1

1

2‘
ð36Þ

for all n B N. The analytical result obtained from (36) will

be validated via simulations in the next section.

6 Performance evaluation

In this section, simulations are presented to demonstrate the

performance of proposed POSH and M-POSH protocols

based on a C/C?? simulator. The network scenario con-

sists of one primary user in each of the N channels. The

traffic of primary user follows the Poisson distribution with

packet arrival rate k, and the service time is assumed to be

a uniform distribution with mean 1/l = 1. The major focus

in the simulations is to obtain the required waiting time and

the net transmission time for the secondary user under the

occurrence of spectrum handoff. For the POSH protocol,

one single CR user is considered to conduct spectrum

handoff within the N channels in the network. On the other

hand, the M-POSH scheme considers n multiple CR users

contending the channel and perform spectrum handoff in

the N channels. The parameters for channel contention are

listed in Table 1. Since full channel state information is

required by all of the existing spectrum handoff algorithms,

it is considered unfair to compare the existing schemes

within the environment adopted by the proposed POSH and

M-POSH algorithms, where only partial channel informa-

tion is observable. Therefore, the proposed scheme will be

compared with two different cases as mentioned in Sect. 4,

including both the NSH scheme and the RCS mechanism.

6.1 Scenarios with single CR user

6.1.1 Parameter convergence and model validation

The total number of time slots ‘ required for the compu-

tation of expected waiting time as obtained from (15) will

be evaluated. Three channels with channel states sk ¼

½c1;k; c2;k; c3;k� are considered in the simulations. Figure 3

shows the variance of value function acquired by (14)

versus the total number of required time slots ‘ under

different transition probabilities from busy to idle in (15) as

sð1; ak; 0Þ ¼ 0:3; 0:5; and 0:7:

The purpose of this figure is to observe the convergence

of ‘ within finite value, which is original infinite as shown

in (15) to achieve the expected waiting time. It can be seen

from Fig. 3 that the required time slots can be limited

within 20 slots under different values transition probability

sð1; ak; 0Þ: The computational complexity associated with

(15) for the proposed POSH scheme can therefore be fea-

sibly confined.

The analytical models for required waiting time slots of

the three schemes, including NSH, RCS, and POSH algo-

rithms, as presented in (16), (18), and (22) are validated via

simulations as shown in Fig. 4. Noted that the results under

Table 1 Parameters

Parameter Value

PHY header 192 bits

MAC header 224 bits

TRTS (160 bits ? PHY header)/R

TCTS (112 bits ? PHY header)/R

TACK (112 bits ? PHY header)/R

r 20 ls

d 1 ls

SIFS 16 ls

DIFS 56 ls

CWmin 32

Maximum backoff stage 5

channel bit rate (R) 1 Mbps
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Fig. 3 Parameter convergence: variance of value function versus

total number of required time slots ‘ under different transition

probabilities sð1; ak; 0Þ ¼ 0:3; 0:5, and 0.7
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traffic arrival rate k from 0.1 to 0.6 is illustrated since the

contribution of proposed POSH scheme can be revealed

under low and moderate traffic arrival rates. In the case that

with larger k, there is not much chance for the CR users to

transmit date no matter which scheme is utilized, i.e. all the

curves from the three schemes will be converged. It can be

observed that the expected number of waiting time slots for

a single spectrum handoff from all these three schemes

increase as the traffic arrival rate (k) of the primary user is

augmented. Under different arrival rates, the proposed

POSH algorithm can provide the smallest waiting time

slots comparing with the other two schemes. Furthermore,

it can also be seen that the simulation results of both NSH

and RCS schemes match with their corresponding analyt-

ical results. On the other hand, there exists slight difference

between the analytical and simulation results of the pro-

posed POSH scheme. The major reason for this deviation

can be contributed to the definition of non-uniform prob-

ability ~Prða� ¼ asÞ in (21) as described in its analytical

model, which is designed to be a stationary probability.

However, the POSH scheme involves non-stationary

updating process of the belief state for the estimation of

channel state. The deviation resulting from the stationary

model of POSH scheme will further be studied as illus-

trated in Fig. 5.

In order to clearly illustrate the difference between the

analytical and simulation results, the biased percentage b is

introduced and is defined as b ¼ na
w;f�ns

w;f

ns
w;f
� 100 where na

w;f

and ns
w;f correspond to the expected waiting time slots

obtained from analysis and simulation respectively. The

parameter f indicates either one of the three spectrum

handoff schemes is adopted. Figure 5 illustrates the biased

percentage b for the three schemes under different traffic

arrival rates of the primary user. It is noted that the pro-

posed POSH method is implemented under the simulation

runs with different numbers of transmission time slots, i.e.

T = 104, 105, and 106. It can be observed that even the

non-stationary behavior of belief state cannot be exactly

modeled and analyzed, the analytical results derived by

stationary probability can still approach to the simulation

values within 3 % of estimation difference. It can also be

seen from Fig. 5 that the bias will be diminished as the

number of transmission time slots is increased for the

simulations. This results reveal the case that with longer

transmission time slots, the incomplete and non-stationary

network information can be updated more accurately. The

simulation results will tend to possess stationary behaviors

as is presented by the analytical model in (22).

6.1.2 Performance comparison

Figure 6 shows the performance comparison of the number

of waiting time slots versus the total number of spectrum

handoff for both the proposed POSH scheme and the RCS

method. Two different channel conditions are considered

for comparison purpose as follows. A better channel con-

dition Cb is chosen with the transition probability from idle

to idle state for each channel as sðci;k ¼ 0; ak; ci;kþ1 ¼ 0Þ ¼
0:8; 0:7; 0:65 for i = 1, 2, 3; while that from busy to idle

state is selected as sðci;k ¼ 1; ak; ci;kþ1 ¼ 0Þ ¼ 0:4; 0:5;

0:55 for i = 1, 2, 3. On the other hand, a worse channel

condition Cw is determined with the transition probability

from idle to idle state as sðci;k ¼ 0; ak; ci;kþ1 ¼ 0Þ ¼
0:4; 0:3; 0:35; and that from busy to idle state is set as

sðci;k ¼ 1; ak; ci;kþ1 ¼ 0Þ ¼ 0:1; 0:2; 0:15: For fair compar-

ison, the NSH scheme is not implemented in this case since

the CR user can always stay at the channel with better
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condition. It is intuitive to observe from Fig. 6 that the total

number of waiting time slots is increased as the number of

spectrum handoff is augmented. Furthermore, the second-

ary user has to wait for comparably more time slots in the

worse channel case by adopting both schemes. Neverthe-

less, the total waiting time slots acquired from the proposed

POSH protocol is smaller than that from the RCS scheme

under both channel conditions. It is also observed that the

POSH protocol can provide better performance as the

number of spectrum handoff is increased. The reason can

be contributed to the situation that more updated belief

states are acquired by the POSH scheme as the number of

handoff is augmented.

Figure 7 illustrates the performance comparison between

the number of waiting time slots and the total number of

transmission time slots. It is noticed that different numbers of

waiting time slots and handoff numbers will be resulted by

each scheme at every specific number of transmission time

slots. In other words, the combining effects from both the

waiting time slots and the handoff numbers will be revealed

in Fig. 7 at each horizontal data point. It can be observed that

the proposed POSH algorithm still outperforms the RCS

scheme under both the Cb and Cw channel conditions. Even

though the effect from the total number of spectrum handoff

has not been considered in the value function as in (13), the

POSH scheme can still provide smaller waiting time com-

paring with the RCS method.

Figures 8 and 9 illustrate the performance comparison

among the POSH, the RCS, and the NSH schemes under

different values of packet arrival rate k of the primary user.

Comparing the case in Fig. 4 with a single spectrum
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handoff, Fig. 8 shows the averaged performance compari-

son under a larger fixed number of spectrum handoff equal

to 250. On the other hand, Fig. 9 illustrates the comparison

between these three protocols under the number of trans-

mission time slots equal to 1,200. It can be observed from

both figures that the proposed POSH scheme can outper-

form the other two methods under different packet arrival

rates. The benefits from the adoption of proposed POSH

algorithm is especially revealed at smaller packet arrival

rates since there can be more opportunity for the POSH

scheme to select a feasible target channel to conduct

spectrum handoff.

Practical consideration for the three handoff schemes are

presented as shown in Figs. 10 and 11. The corresponding

parameters are listed as follows: Tslot = 100 ms,

Tsens = 5 ms, Tsw = 10 ms, Ths = 1 ms, and Tack = 1 ms.

Figure 10 illustrates the waiting time obtained from (23),

(25), and (27) for the NSH, RCS, and POSH scheme

respectively. Two cases with required computation time

Tp = 0 and 5 ms for implementing the POMDP-based

policy are considered; while the update time for belief state

Tu = 3 ms. With practical consideration, the POSH algo-

rithm is demonstrated to result in the smallest waiting time

under different packet arrival rate of primary user. Even

though the calculation of POMDP-based policy requires

additional computation time, the overall performance is

still better in comparison with the NSH and RCS methods.

Furthermore, it is observed in Fig. 10 that the waiting time

Tw,posh will only be affected by the computation time Tp if

the destination channel of spectrum handoff has high

probability to be in the idle state. In other words, Tp will

only degrade the performance of proposed POSH scheme

at lower packet arrival rate of primary user, and will

become uninfluential under higher primary traffic rate.

Nevertheless, since the POSH scheme can provide better

performance among the three handoff schemes at lower

primary traffic (as shown in Figs. 8 and 9), it can be con-

cluded that the degraded effect from Tp will not be sig-

nificant by adopting the POSH scheme.

In order to better present the utilization of licensed

spectrum, Fig. 11 is exploited to illustrate the net trans-

mission time per time slot as was computed from (24),

(26), and (28) for the NSH, RCS, and POSH scheme

respectively. Two cases with the update time of belief state

Tp = 0 and 3 ms for the proposed POSH scheme are

considered; while the required time for POMDP-based

policy Tp = 5 ms. It is noticed that the update time Tu is

required for the proposed POSH scheme at the end of each

time slot; while the computation time for POMDP-based

policy Tp will only be utilized as spectrum handoff occurs.

It is intuitive to observe that the net transmission time

resulted from all the three schemes decreases as the packet

arrival rate k of primary traffic is increased. Furthermore,

as k is incremented, the net transmission time of proposed

POSH protocol can become similar to or even worse than

that obtained from the RCS and NSH schemes, e.g. the net

transmission time acquired from the POSH scheme with

Tu = 3 ms is worse than that from the RCS protocol as

k[ 0.65. Therefore, practical consideration for these

handoff schemes can provide a channel selection criterion

for the CR users to determine the feasible handoff scheme

to be applied in order to obtain their destination channel for

spectrum handoff.

6.2 Scenarios with multiple CR users

6.2.1 Model validation

Figure 12 illustrates the results for validating the analytical

model of the proposed M-POSH scheme in (36) via
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simulations. The performance validation is conducted by

observing the expected waiting time slots versus the traffic

arrival rate of primary user under different numbers of CR

users, i.e. n = 1, 4, 7 with N = 7 channels. It can be

observed that the proposed analytical model can effectively

predict the behavior of the M-POSH scheme. It is appar-

ently that the expected number of waiting time slots

increases with the augmentation of the number of CR users

and the traffic arrival rate of primary user. More CR users

indicates that there are less available channels to be utilized

while executing spectrum handoff, which requires more

waiting time slots.

6.2.2 Performance comparison

Figures 13 and 14 compare the performance of NSH, RCS,

and M-POSH protocols under the circumstance of multiple

CR users within multi-channels network. Figure 13 shows

the performance comparison with two CR users under

different numbers of available channels; while Fig. 14

illustrates the comparison with 7 channels under different

numbers of CR users. Two different arrival rates of primary

traffic are considered for all the three schemes, i.e. k = 0.2

and 0.5. It is apparently to observe that the NSH scheme

results in the same performance under different numbers of

channels and CR users since it does not perform any

spectrum handoff activity. In other words, the NSH scheme

in multi-user scenario can be regarded as the combination

of single user without mutual interactions. On the other

hand, regarding the RCS and M-POSH schemes, the

expected number of waiting time slots is decreased as the

number of available channels is augmented; while it is

increased with the augmentation of total number of CR

users due to potential packet collisions happened in the

network. The performance of RCS scheme can becomes

worse than that from the NSH method under certain cir-

cumstances since the NSH scheme at least guarantees that

packet collisions will not happen in the network. From

example as in Fig. 14, the RCS scheme with k = 5 results

in higher number of waiting time slots comparing with the

NSH method if the number of CR users is greater than 5.

Nevertheless, with the consideration of potential packet

collisions between the CR users, the proposed M-POSH

protocol can adaptively select the destination channel

based on the availability of network channels. As shown in

both Figs. 13 and 14, the M-POSH scheme outperforms

both the RCS and NSH algorithms under different numbers

of channels and CR users. It is also observed from certain

end data points of both figures that the M-POSH and the

NSH schemes will result in the same number of waiting

time slots, i.e. the most left data points in Fig. 13 under

number of channels = 2 with two CR users, and the most

2 3 4 5 6 7 8
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Number of Channels

 N
um

be
r 

of
 W

ai
tin

g 
T

im
e 

S
lo

ts

NSH (λ=0.5)

RCS (λ=0.5)

M−POSH (λ=0.5)

NSH (λ=0.2)

RCS (λ=0.2)

M−POSH (λ=0.2)

Fig. 13 Performance comparison: number of waiting time slots

versus number of channels (with 2 CR users)

1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

Number of CR Users

 N
um

be
r 

of
 W

ai
tin

g 
T

im
e 

S
lo

ts

NSH (λ=0.5)
RCS (λ=0.5)
M−POSH (λ=0.5)
NSH (λ=0.2)
RCS (λ=0.2)
M−POSH (λ=0.2)

Fig. 14 Performance comparison: number of waiting time slots

versus number of CR users (with 7 channels)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10
0

10
1

Traffic Arrival Rate (λ)

E
xp

ec
te

d 
N

um
be

r 
of

 W
ai

tin
g 

T
im

e 
S

lo
ts M−POSH−Simulation (n=7)

M−POSH−Analysis (n=7)
M−POSH−Simulation (n=4)
M−POSH−Analysis (n=4)
M−POSH−Simulation (n=1)
M−POSH−Analysis (n=1)

Fig. 12 Performance validation: the expected number of waiting

time slots versus traffic arrival rate of primary user

1020 Wireless Netw (2014) 20:1003–1022

123



right data points in Fig. 14 under number of CR users = 7

with 7 channels. This indicates that if all the network

channels are occupied, the CR users will decide to stay at the

current channel by adopting the proposed M-POSH protocol

in order to reduce the probability of packet collision between

the CR users. On the other hand, as long as the network

contains more available channels that can be utilized, the

M-POSH protocol will distribute the CR users that intend to

conduct handoff to exploit those available channels. Con-

sequently, the performance of M-POSH scheme can achieve

the optimal performance as that obtained from the POSH

scheme for single user case. The merits of the proposed

POSH and M-POSH protocols can therefore be observed.

7 Conclusion

This paper proposes a spectrum handoff strategy based on

partially observable Markov decision process (POMDP) in

the overlay cognitive radio (CR) networks. With only

partially observable state information, the proposed

POMDP-based spectrum handoff (POSH) scheme selects

the optimal destination channel in order to achieve the

minimal waiting time for packet transmission. Further-

more, in order to consider the network with multiple CR

users, the multi-user POSH (M-POSH) protocol is pro-

posed to resolve the packet collision problem among

multiple CR users that intend to conduct spectrum handoff.

It is observed from both the simulation and analytical

results that both the proposed POSH and M-POSH proto-

cols can effectively reduce the waiting time of spectrum

handoff for a partially observable CR network.
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