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A POMDP-based Spectrum Handoff Protocol for Partially
Observable Cognitive Radio Networks

Abstract

Recent studies have been conducted to indicate the ineffective usage of
licensed bands due to the static spectrum allocation. In order to improve the
spectrum utilization, the cognitive radio (CR) is therefore suggested to
dynamically exploit the opportunistic primary frequency spectrums. How to
provide efficient spectrum handoff has been considered a crucial issue in the
CR networks. Existing spectrum handoff algorithms assume that all the
channels within the network can be correctly sensed by the CR users in order
to perform appropriate spectrum handoff process.

However, this assumption is considered impracticable in realistic
circumstances primarily due to the excessive time required for the CR user to
sense the entire spectrum space. In this paper, the partially observable Markov
decision process (POMDP) is exploited 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. By adopting the policy resulted from the POSH algorithm for
target channel selection, minimal waiting time at each occurrence of spectrum
handoff can be achieved. Numerical results illustrate that the proposed POSH
scheme can effectively minimize the required waiting time for spectrum
handoff in the CR networks.
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Abstract—Recent studies have been conducted to indicate the
ineffective usage of licensed bands due to the static spectrum
allocation. In order to improve the spectrum utilization, the
cognitive radio (CR) is therefore suggested to dynamically exploit
the opportunistic primary frequency spectrums. How to provide
efficient spectrum handoff has been considered a crucial issue in
the CR networks. Existing spectrum handoff algorithms assume
that all the channels within the network can be correctly sensed
by the CR users in order to perform appropriate spectrum hand-
off process. However, this assumption is considered impracticable
in realistic circumstances primarily due to the excessive time
required for the CR user to sense the entire spectrum space.
In this paper, the partially observable Markov decision process
(POMDP) is exploited 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. By adopting the
policy resulted from the POSH algorithm for target channel
selection, minimal waiting time at each occurrence of spectrum
handoff can be achieved. Numerical results illustrate that the
proposed POSH scheme can effectively 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.

I. INTRODUCTION

According to the research conducted by FCC [1], a large
portion of the priced frequency spectrums 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 the study of cognitive radio (CR) in
recent years [2; 3]. 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 [4; 5], considered as a realistic implementation
of the CR concept, is an emerging standard that allocates
spectrums for TV broadcast services via a license-exempt
basis. Since there is no promise for a CR user to finish

'This work was in part funded by the MOE ATU Program 95W803C, NSC
96-2221-E-009-016, MOEA 96-EC-17-A-01-S1-048, the MediaTek research
center at National Chiao Tung University, and the Universal Scientific Indus-
trial (USI) Co., Taiwan.

its transmission on a certain spectrum, a mechanism called
spectrum handoff has been introduced to allow the CR user
to select another channel to maintain its data transmission.
Consequently, the main objective for spectrum handoff is to
select a feasible target channel such that the CR user can be
switched into such as to retain its on-going transmission. The
performance of spectrum handoff will primarily be dominated
by the feasibility of conducting the channel selection.

Target channel selection can be categorized into two dif-
ferent types of schemes according to their sensing strategies
[6], 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 to a channel
which was determined in sequence from 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 situations, the pre-determined channel list can pos-
sibly infeasible to be adopted in target channel selection for
spectrum handoff. The channel reservation scheme as proposed
in [7] conducts pre-sensing by exploiting the balance between
blocking probability and forced termination in order to reserve
idle channels for spectrum handoff. Analytical models have
been studied in [8; 9] to illustrate the beneficial aspects of the
pre-sensing strategy. However, those reserved idle channels
can not be ensured available at the time for spectrum handoff.
As a result, the performance of pre-sensing strategies can
not be guaranteed especially under the fast fading channel
environments.

On the other hand, the post-sensing techniques is imple-
mented while the secondary user is forced to terminate 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 becomes
its target channel. Compared to the pre-sensing approaches,
a more feasible and accurate channel can be selected by
exploiting the post-sensing schemes since the target channel is
determined at the time while the secondary user is interrupted.
Nevertheless, the post-sensing methods in general spend ex-



cessive time in spectrum sensing, especially under crowded
network traffic. This situation is not permissible 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 considered
impracticable in realistic environments. In other words, the
transition probabilities of all the channel states are not always
served as the available information to the CR users within
the network. An estimation algorithm has been proposed in
[10] to estimate the transition probability by adopting the
maximum likelihood function. However, the converging speed
for the estimation can become intolerable while small value
of transition probability has been occurred.

In this paper, without the necessity of obtaining all the
correct channel information, the partially observable Markov
decision process (POMDP) [11; 12] is utilized to reveal the
network information by partially sensing the available fre-
quency 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 in this paper by considering the channel as an M/G/1
system with given packet arrival rate and service rate. Numer-
ical results are also presented to illustrate the effectiveness
of the proposed POSH scheme, which can achieve minimized
waiting time for spectrum handoff.

The rest of this paper is organized as follows. Section II
briefly summarizes the concept of the POMDP approach. The
proposed POSH scheme is modeled and derived in Section
III. Section IV illustrates the performance evaluation for the
proposed POSH mechanism; while the conclusions are drawn
in Section V.

II. POMDP FRAMEWORK

A Markov decision process (MDP) refers to a discrete time
stochastic control process that conducts decision-making based
on the present state information, i.e. s € Si. It is noted
that the subscript k is utilized to denote the kth time slot
in consideration; while S represents the entire state space at
the kth time slot. Considering the realistic case that not all the
current states are obtainable, the partially observable Markov
decision process (POMDP) [11] is utilized to determine the
decision policy based on the partially available information
and the observations from the environment. The schematic
diagram of the POMDP framework is illustrated in Fig. 1. In
general, optimization techniques are required to be exploited
in order to obtain the solution for the POMDP-based problem.

A. Observation

Since not all the states are directly observable within the
POMDP setting, a set of observations z; € Zj is essential
to provide an indication about which state the environment
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Fig. 1. The schematic diagram of the POMDP framework.

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 zj
for each action aj and resulting states sj1, i.e.

o(Sk+1, Ok, 2x) = Pr(zi|ak, Sk+1) (D

Vzi, € Zi,ar € Ak, Sk+1 € Sk4+1 where Ay stands for the
action set at the kth time slot. The parameter a; denotes the
action chosen by the POMDP formulation and sj4; is the
resulting state after executing action ay. Considering the MDP
case, a policy is determined to map from the current state to
the corresponding action since the present state of MDP is
fully observable. On the other hand, the POMDP can only
map from the latest observation to the corresponding action
(as in Fig. 1), which is in general considered insufficient to
represent the history of the process. Therefore, the belief state
is utilized to reveal the statistic distribution of the current state
information, which will be explained in the next subsection.

B. Belief State

The concept of 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 b(Sj) is a statistic distribution over the
state space Sy; while b(s) corresponds to the probability
of state s with > g b(sg) < 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
uncertainties. 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 history. It is considered beneficial to capture the variations
from dynamic environment and consequently obtain a more
accurate information of the environment. As shown in the Fig.
1, the updated belief state is acquired as the outcome of the
state estimator, which is consisted by the inputs of observation,
action, and the former belief state. Consequently, the resulting



belief state b(sx+1) w.r.t. the state si41 can be obtained as

b(sk+1) = Pr(sk+1|b(Sk), ak, zx)
0(Skq15 Ak, 28) Do, e, U (Sks @, Sk41)0(k)
PT(Zk|b(Sk), ak)

where b(sy) indicates the former belief state of sg. The
parameter I'(sg, ay, Si+1) represents the state transition prob-
ability from si to sg4; according to the action ag, i.e.
T (sk,ak, Sk+1) = Pr(sgti|ak, si). The denominator of (2)
can be considered as a normalizing factor, which is obtained
as

2)

Pr(z[b(Sk).a)= D> > o(skr1,ak,2k):

SkESK,Sk+1€Sk+1
I(sk,ap,5k+1)b(sk) 3)
C. Reward and Value Functions

In order to ensure optimal decision is made by adopting
the POMDP, 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 7 (s, ag, Sg+1, 2%) is defined
to represent the reward by executing action ax to turn from
state sy, to siy1 associated with the observation zj. Since both
the state transition and observation function are probabilistic,
the expected reward R(sy,ax) can be obtained as

Z Z T(sk, ak, Skt1):

Sk+1€Sky1, 2k €ZK

O(Sk+1, Ok, 2k) - T(Sky ks Sky1,2K)  (4)

R(8k7 ak) =

It is noticed that the immediate reward function is denoted as
the one-step value function since only the present reward is the
major concern. The optimal policy can be directly determined
by adopting the reward function as in (4). However, certain
period of time is in general considered for evaluating the value
of the reward. Therefore, the decision policy by exploiting the
POMDP is determined by optimizing the L-step value function
with L > 1.

III. PROPOSED POSH SCHEME

In this section, the POMDP framework will be utilized to
model the spectrum handoff problem in a slotted overlay CR
network. The value function will consequently be formulated
in order to obtain the optimal policy for spectrum handoff.

A. System Model for POSH Scheme

In the considered CR network, there are N channels that
are available to be accessed by both the primary and the
secondary users. Based on the secondary user’s point of view,
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. Considering that ¢; ,, denotes the state of the ith
channel in time slot k£ (i.e. ¢;, = 0 indicates the idle state
and ¢; , = 1 represents the busy state), the state of the entire
network in the kth time slot can be written as

S = [Cl,k; N CNIEEE CN,k]; Cik € {0, 1},V8k €S, ®))

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 is to
appropriately choose the target handoff channel from the entire
N channels within the CR network. After the execution of an
action, the channel state can consequently be observed. The
set of observations zj, € {0,1} can be defined as the sensing
outcome, where O represents the idle state and 1 stand for the
busy state.

Furthermore, the transition probability can be determined
by modeling a channel as an M/G/1 system with arrival rate A
and service rate p. By assuming poisson traffic for the arrival
packets, the probability distribution of arriving packets can be
represented as

e~

Priny, =) = o

(6)

where ny j is denoted as the number of arriving packets
in the kth time slot. With the execution of action ay, the
channel transition probability T(CM, ag, ¢, k+1) Tepresents the
transition from the present channel state c; j to the channel
state ¢; 41 at the next time slot. By adopting the result from
(6), the transition probability from idle to idle state for a
specific channel c; j, can be acquired as

Pr(nA,k = O,Ci,k = O)
Pr(c;r=0)
Pr(nxg =0)-Pr(cir =0) Y

- Pr(c,, =0) ¢ @

T(Ci,]f = 0) Ak, Cik+1 = 0) =

It is noted that the second equality in (7) 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 ¢; j, coming from busy to idle state can be represented
as

T(cigp =1,ak, ¢ k1 =0)
_ Pr(nag=0,n5,-1>0,T, <1)

Pr(c,, =1)
Pr(n,\7k = 0) . P’I‘(’n,\Jg_l > 0) . P’I“(Ts_k < 1)
= — : (8)
Pr(c,, =1)

where the second equality is also contributed to the indepen-
dency of the three probabilities within the numerator of (8).
The parameter T ; 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
Y1, Y2, - - - Yo are the random variables of a packet service time
with mean value of 1/u, where « represents the number of
packets arrived from the previous (k—1)th slot, i.e. ny 1 =
o. The time server take for serving these o packets within
the kth slot is denoted as T, , = Z?:o i Pr(nyg—1 = ).
Therefore, the third term in the numerator of (8) can be



rewritten as

P’/‘(T&k S 1) = P’I“(Ts,k_l S 1) . P’I“(Ta,k S 1)

+ Pr(Tsp—1>1) - Pr(Tsp—1—14+Tor <1) (9

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 (8) that representing the probability for a
busy channel can be expressed as

Pr(c; x=1)=
P?"(n)\vk_l>0)+Pr(n>\7k_1:0)-Pr(Tsyk_1>1) (10)

Based on (7) and (8), the transition probabilities from idle to
busy state and from busy to busy state can be respectively
obtained as 7(c;x = 0,ak,¢ip41 = 1) = 1 — 7(cip =
0,ak,¢cip+1 = 0) and 7(c;p = lyak,Cipy1 = 1) = 1 —
T(cik = 1,a, ¢ k+1 = 0). As a result, by assuming that each
channel ¢; j is independent with each other for i = 1 to IV,
the transition probability for the entire network I'(s, ax, Sk+1)
can be obtained as
N
F(Sk, ag, Sk+1) = HT(Ci,k = 61,0k, Ci k+1 = §2) (11)
i=1

where ¢;, € s and c¢; g1 € Sgy1, 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 retransmission in another channel. Three
factors are considered for the spectrum handoff time including
the switching time, the handshaking time, and the waiting
time. In general, both the switching and the handshaking time
intervals are assumed fixed with comparably smaller values.
Therefore, the main objective of the 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 in the case that the target channel is still occupied by
the primary user.

The waiting time, which is served as the reward 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 reward is considered
as the total number of waiting slots n, required by the
secondary user while executing a certain action for spectrum
handoff. Consequently, the expected reward R(sg,ay) can be
written as

R(sk,ax)=Elny=L|ax)=» _-Pr(n,=(|a)
£=0

[eS) 0
:Z@PT (Ci7g+k:0, m Ci,kerl:]-)

=1 p=1

oo 4
ZZf-T(Ci,ukq=1,ak,ci,5+k=0)'P7‘ ( ﬂ Ci,k+p1:]->

=1 p:l
12)

It is noted that the intersecting probability of the last equality
in (12) can further be simplified as

£
P’I’(ﬂ Cik+p—1 = 1)
p=1

-1
= PT(ﬂ Ciktp—1 = 1) T(Cipre = 1,ap, ¢ pre—1 = 1)
p=1

=cip-[T(cix =1,ap,ciprn = 1)]" (13)

B. Protocol Implementation of POSH Scheme

An overlay slotted CR network with partially observable in-
formation is considered for the POSH scheme, which indicates
that the secondary user is not allow 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
0(Sk+1,ak, z) is assumed available to be observed by the
secondary users, which will be exploited for the update of the
belief state b(sk+1) as in (2). The secondary user utilizes the
updated belief state in order to estimate the channel state of
the CR network.

According to the POSH scheme, an L-step value function
will be adopted to obtain the corresponding action that results
in the minimal waiting time after the handoff process. In other
words, based on the L-step value function V;[b(s)], which is
mapped from the belief state space, the CR user will determine
the feasible action to take in order to achieve the highest
reward. The L-step value function for the CR user can be
obtained as

Vi [b(sk)] = max b(sk) - R(sk,ar)+

ap €Ay
SELESK

p Z Pr(zx|b(Sk), ax) - Vi 1[0(sk+1)]

2K €Lk

(14)

where p is denoted as a discount factor for convergence control
of the value function. The probability Pr(zj|b(Sk),ar) is
defined as in (3). At the beginning of the time slot where the
spectrum handoff occurred, the CR user will choose a target
channel that possesses the minimum waiting slots based on
the results obtained from the L-step value function as in (14).
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.

Moreover, it is noticed that the computation of L-step
value function (in (14)) is considered complex and in general
difficult to solve. The dimension of the belief state can grow
exponentially as the number of channel is augmented, which
makes it difficult to be adopted for practical implementation.
A reduced state strategy has been proposed in [13] to establish
an approximated linear state vector, which can effectively
decrease the computation complexity of the value function.
The complex optimization problem associated with (14) can
therefore be resolved in an efficient manner.
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Fig. 2. Performance comparison: the number of waiting time slots versus
the number of spectrum handoff.

IV. PERFORMANCE EVALUATION

In this section, simulations are presented to demonstrate
the performance of the proposed POSH scheme. The major
concern in the simulations is to obtain the required waiting
time slots for the secondary user while it has been directed to
the target channel. Since full channel state information is re-
quired 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 algorithm, where
only partial channel information is observable. Therefore, the
proposed POSH scheme will be compared with another two
different cases as follows: (a) the random channel selection
(RCS) scheme is adopted by the CR user to perform spectrum
handoff by randomly selecting the target channel; and (b) no
spectrum handoff (NSH) scheme is performed for the CR user
under any circumstance. The traffic of the primary user follows
the poison distribution, and the service time is assumed to be
a uniform distribution with mean 1/ = 1. Three channels are
considered in the simulations, i.e. s, = [c1 k, 2.k, €3 k]; While
the discount factor in (14) is selected as p = 1. The reduced
state strategy [13] is utilized in the simulations to obtain the
numerical results of the POMDP-based optimization problem.

Fig. 2 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 condition
Cp is chosen with the transition probability from idle to idle
state for each channel as 7(c;x = 0,ag,cikt1 = 0) =
0.8,0.7,0.65 for 7 = 1, 2, 3; while that from busy to idle state
is selected as 7(¢;r = 1, ag,¢ip+1 = 0) = 0.4,0.5,0.55 for
i = 1,2,3. On the other hand, a worse channel condition
Cy, is determined with the transition probability from idle to
idle state as 7(c;x = 0, ax, ¢;x+1 = 0) = 0.4,0.3,0.35, and
that from busy to idle state is set as T(Ci,k =1,a, ¢ k41 =
0) = 0.1,0.2,0.15. For fair comparison, the NSH method is
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Fig. 3. Performance comparison: the number of waiting time slots versus
the total number of transmission time slots.

not implemented in this case since the CR user can always
stay at the channel with better condition. It is intuitive to see
that the total number of waiting time slots is increased as the
number of spectrum handoff is augmented. Furthermore, the
secondary user has to wait for comparably more time slots
in the worse channel case under both schemes. Nevertheless,
the total waiting time slots acquired from the proposed POSH
scheme is comparably smaller than that from the RCS method
under both channel conditions. It is also observed that the
POSH scheme performs better as the number of spectrum
handoff is increased. The reason can be attributed to the
situation that more updated belief states are acquired by the
POSH scheme as the number of handoff is augmented.

Fig. 2 illustrates the performance comparison between the
number of waiting time slots and the total number of trans-
mission 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. 2 at each horizontal data point. It can be observed that the
proposed POSH algorithm still outperforms the RCS scheme
under both the Cj and C,, channel conditions. Even though
the effect from the total number of spectrum handoff has not
been considered in the value function (in (14)), the POSH
scheme can still provide smaller waiting time comparing with
the RCS method.

Figs. 4 illustrate the performance comparison between the
POSH, the RCS, and the NSH schemes under different values
of packet arrival rate A of the primary user. The left subplot of
Fig. 4 shows the comparison under fix numbers of spectrum
handoff = 250 and the right subplot is performed under fixed
number of transmission time slots = 1200. The percentage of
waiting time slots as shown in Fig. 4 is defined as

x 100

15)

Nw,strategy — Taw,posh
n(%) =
T, posh
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where 7., strategy 19 the total number of waiting slots resulting
from either the RCS or the NSH scheme; and 7, p0s5 indicates
that from the proposed POSH algorithm. It can be observed
that the proposed POSH scheme can outperform the other two
methods under different packet arrival rates. The benefits from
the adoption of the POSH algorithm is especially revealed at
smaller values of packet arrival rate since there can be more
opportunity for the POSH scheme to select a feasible target
channel.

V. CONCLUSION

This paper proposes a strategy for post-sensing spectrum
handoff based on the partially observable Markov decision
process (POMDP) in the overlay cognitive radio (CR) net-
works. With only partially observable state information, the
proposed POMDP-based spectrum handoff (POSH) scheme
selects the optimal target channel in order to achieve the
minimal waiting time for packet transmission. Simulation
results show that the proposed POSH scheme can effectively
reduce the waiting time for spectrum handoff for a partially
observable CR network.
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