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

student : Rui-Ting Ma Advisors : Dr. Kai-Ten Feng

Department of Communication Engineering
National Chiao Tung University

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
(POMDRP) 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. Moreover, a POMDP-based
multi-user spectrum handoff (M-POSH) protocol is proposed to adapt the POMDP
policy into multi-user CR network by distributing CR users to opportunistic
frequency spectrums. 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. Numerical results illustrate that the proposed
spectrum handoff protocols can effectively minimize the required waiting time for

spectrum handoff in the CR networks.
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Chapter 1

Introduction

According to the research conducted by FCC [1; 2], a large portion of the priced fre-
quency spectrums remains idle at any given time and location. It has been indicated
that the spectrum shortage problem is primarily resulted from the spectrum manage-
ment 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 [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; §],
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 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 channel selection.



Target channel selection can be categorized into two different types of schemes
according to their sensing strategies [9], i.e. the pre-sensing and post-sensing meth-
ods. 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 pri-
mary 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 become
infeasible to be adopted in target channel selection for spectrum handoff. The channel
reservation scheme as proposed in [10] 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 [11; 12] 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 implemented 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 excessive

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. Further-
more, 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 im-
practicable 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 [13] to estimate the
transition probability by adopting the maximum likelihood function. However, the con-
verging 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 informa-
tion, the partially observable Markov decision process (POMDP) [14-17] is utilized to
reveal the network information by partially sensing the 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 proba-
bilities 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. In order to observe
the behavior of spectrum handoff, analytical models for the proposed POSH method
and other existing channel selection schemes are derived, validated, and compared via
simulations. Furthermore, one may doubt even though the proposed POSH scheme
can effectively reduce the number of waiting time slots, the complicated calculation
process may bring out excessive overhead which will actually degrade its performance.
Therefore, the required phases for precise channel selection behavior is discussed and
compared under realistic environment. The computation complexity of the precise

POSH scheme associated with the update of belief state update are also presented. It



is demonstrated in the simulation results that reduced waiting time can be obtained
from the proposed POSH mechanism under the consideration of precise behaviors.

Furthermore, multiple 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 chan-
nel. Therefore, it is crucial to provide channel selection policy by considering informa-
tion from other CR users, and also to alleviate the overhead while multiple CR users
are contending to access 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 the observe the traffic of primary
user, that from the CR users is required to be monitored by the M-POSH scheme. A
negotiation procedure is employed in order to facilitate the determination of a feasible
CR user to operate within a specific target channel. In comparison with other existing
algorithm, the proposed M-POSH scheme can effectively minimize the waiting time for
spectrum handoff.

The rest of this paper is organized as follows. Chapter 2 briefly summarizes the
concept of the POMDP approach. The proposed POSH scheme is modeled and derived
in Chapter 3. Performance analysis of the POSH protocol is conducted in Chapter
4, while precise schemes of channel selection is presented in Chapter 4.2. Considering
the network scenario with multi-users, the M-POSH protocol is proposed in Chapter
5. Chapter 6 illustrates the performance evaluation for both the proposed POSH and

M-POSH mechanisms; while the conclusions are drawn in Chapter 7.



Chapter 2

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, € Sg. It
is noted that the subscript £ is utilized to denote the kth time slot in consideration;
while Sj 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) [14] 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. 2.1. In general,
optimization techniques are required to be exploited in order to obtain the solution for

the POMDP-based problem.

2.1 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 en-
vironment should be located. The observations can be considered with probabilistic

nature, where an observation function o is defined as a probability distribution over all
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Figure 2.1: The schematic diagram of the POMDP framework.

possible observations z; for each action a; and resulting states sxy1, i.e.

O(Sk+1, Qs Zk) = Pr(zk‘a’w 3k+1) (2.1)

V2 € Zy,ar € Ayg, Sip11 € Spi1 where Ay stands for the action set at the kth time slot.
The parameter a; denotes the action chosen by the POMDP formulation and si. is
the resulting state after executing action a;. 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. 2.1), 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 section.



2.2 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(Sy) is a statistic distribution over the state space Si; while

b(sy) corresponds to the probability of state s, with > b(sk) < 1. It is noticed

5,ESE
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. 2.1, 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(si+1) w.r.t. the

state si11 can be obtained as

O(Sk+17 ag, Zk) Zskesk F(Sk? Qf, Sk'f‘l)b(sk)
P (2[b(Sk), ax)

b(sk+1) = Pr(sp41[b(Sk), ar, 21) = (2:2)

where b(sy) indicates the former belief state of s;. The parameter I'(sg, ax, Sk+1) rep-
resents the state transition probability from s, to szy; according to the action ay,
ie. I'(sg,ak, Sk+1) = Pr(Sk+1|ag, sg). The denominator of (2.2) can be considered as a

normalizing factor, which is obtained as

(Zklb Sk ak Z Z sk+1,ak,zk) F(sk,ak,sk+1)b(sk) (23)

SKEESK,Sk+1E€ESk+1



2.3 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 r (s, ag, Sg+1, 2&) is defined to represent the reward
by executing action a; to turn from state s; to sp;q associated with the observation zj.
Since both the state transition and observation function are probabilistic, the expected

reward R(sy,a;) can be obtained as

R(sy, ar) = Z Z U(Sks @, Sit1) - 0(Ske1, Qks 2k) - 7Sk @y Sp1, 26) - (2.4)

Sk+1€8k+1, 2k E€EZg

It is noticed that the immediate reward function is denoted as the one-step value func-
tion since only the present reward is the major concern. The optimal policy can be
directly determined by adopting the reward function as in (2.4). However, certain pe-
riod 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.



Chapter 3

Proposed POMDP-based Spectrum
Handoff (POSH) Scheme

In this chapter, the POMDP framework will be utilized to model the spectrum handoff
problem in a slotted overlay CR network. The proposed POSH scheme will be exploited
under the single CR user scenario. The value function will consequently be formulated

in order to obtain the optimal policy for spectrum handoff.

3.1 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 c;; denotes
the state of the ith channel in time slot £ (i.e. ¢;x = 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,ka e Cifey e CNJﬁ], Cik € {0, 1},\781c € Sy (31)

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 ay
at the time instant k is to appropriately choose the target handoff channel from the
entire N channels within the CR network, i.e. ax = {1,..., N}. After the execution
of an action, the channel state can consequently be observed. The set of observations
2z, € {0, 1} can be defined as the sensing outcome, where 0 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 . By assuming poisson traffic for
the arrival packets, the probability distribution of arriving packets can be represented
as

= )

z!

Pr(n)\k = x) =

)

(3.2)

where n, i, is denoted as the number of arriving packets in the kth time slot. With the
execution of action ay, the channel transition probability 7(¢; &, a, ¢; k+1) represents the
transition from the present channel state c¢;;, to the channel state ¢; ;1 at the next time
slot. By adopting the result from (3.2), the transition probability from idle to idle state

for a channel ¢;; (for i = {1,..., N}) after executing action a; can be acquired as

P.(nxr =0,¢=0 P.(nxr =0) - P(cir =0 _
T<Ci,k:07akyci,k+1:0): P(Ck:()) ): ( P(Ck:é) ):GA

(3.3)

10



It is noted that the second equality in (3.3) 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 c;

coming from busy to idle state can be represented as

P(nxr =0,n04-1 > 0,7, <1)

T(Ci,k - 17 Ak, Ci k+1 = 0) -

Pr(ci,k - 1)
_ P.(nxg=0)-P(nyg—1>0)- (T <1) (3.4)
PT(Ci,k - 1) .

where the second equality is also contributed to the independency of the three prob-
abilities within the numerator of (3.4). 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 v1,7s, .. .7, are the random variables of a packet service time with
mean value of 1/u, where a represents the number of packets arrived from the previous
(k — 1)th slot, i.e. nyx—1 = a. The time server take for serving these o packets within
the kth slot is denoted as T}, = Z]O'l:o v;Pr(nyg—1 = «). Therefore, the third term in

the numerator of (3.4) can be rewritten as

Pr(Ts,k S ]-) - Pr(Ts,k—l S 1) ' P’r(Tcx,k S 1) + Pr(Ts,k—l > 1) ' Pr(Ts,k—l -1+ Ta,k S 1)
(3.5)

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

11



of (3.4) that representing the probability for a busy channel can be expressed as
Pr(Ci,k:1):PT(’rL)\7k_1>0)+Pr(71)\,]@_1:0)-PT(T57]€_1>1) (36)

Based on (3.3) and (3.4), the transition probabilities from idle to busy state and from
busy to busy state can be respectively obtained as 7(c;x = 0,ak, i1 = 1) = 1 —
T(cix = 0,ak, i1 = 0) and 7(c; o = Lag, cipp1 = 1) = 1 — 7(cip = 1, ag, i1 = 0).
As a result, by assuming that each channel ¢, is independent with each other for i =1
to IV, the transition probability for the entire network I'(sy, ay, sk+1) can be obtained

as

N
F(Sk, Qg, 3k+1) = HT<Ci,k = Q1, Ok, Ci k1 — §2) (3-7)

=1

where ¢ € Sk, Cigt1 € Sg+1, and G, 6o € {0,1}, 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 frame-
work, 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 num-

ber of waiting slots n,, required by the secondary user while executing a certain action

12
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Figure 3.1: Performance comparison: the number of waiting time slots versus the
number of spectrum handoff.

(i.e. a* = ay) for spectrum handoff. Consequently, the expected reward R(sg,a) can

be written as

o0 [e%e) 0
R(sk,ak):E[nw:€|a*:ak]=Z€~Pr (nw=€|a*=ak)=Z€-PT (ﬂcak,k+p1=1,cak7k+g:0,>
=0 (=1 =1

0o V4
= E C-T(Cap t+k—1=1,08,Cay e £=0)-Pr ﬂ Cagktp—1=1
p=1

(=1

o0
225' T(Capeh-1= 1,0k Cap 0 45=0)-Pr(Ca k=1) 7 (Cap k=1,01,Ca k1 =1)"""

=1
(3.8)
ZZ@ Cap e T (Cap trk—1=1,01,Cay 04 5=0) T (Ca k=1,01,Cap ky1=1)""" (3.9)
=1

where ¢,, , denotes the channel state after selecting channel a; at the time instant k.
It is noted that the relationship from (3.8) to (3.9) is due to the fact that P,(cq, r =

1) = cq, % since a specific channel a;, is considered for the calculation of the waiting

time duration.

13



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 allow to coexist with
the primary user while the time duration for packet transmission is divided into time
slots. As shown in Fig. 2.1, partial channel information o(sy1,ax, zx) is assumed
available to be observed by the secondary users, which will be exploited for the update
of the belief state b(syy1) as in (2.2). 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(sy)], 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

V' [b(sk)] = max b(sk) - R(sg,ax) + p E - (25|b(Sk), ar) - Vi [b(ske1)] (3.10)
akEAk
SLESE 2L EZy,

where p is denoted as a discount factor for convergence control of the value function.
The probability P.(z;|b(Sk), ax) is defined as in (2.3). 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 (3.10). 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.
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Moreover, it is noticed that the computation of L-step value function (in (3.10))
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 [18] to establish an approximated linear state vector, which can effectively
decrease the computation complexity of the value function. The complex optimization

problem associated with (3.10) can therefore be resolved in an efficient manner.
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Chapter 4

Performance Analysis of Proposed

POSH Scheme

In this chapter, the analytical model for proposed POSH scheme is derived in section
A in order to analyze its performance. The models for both the no spectrum handoff
(NSH) scheme and the randomly choose strategy (RCS) will also be demonstrated.
The effectiveness of the analytical models is to serve as the validation purpose for these
schemes, which will be compared with simulation results as in Section6. Furthermore,
the analytical models for these three handoff algorithms under practical considerations

will also be derived and explained in section B.

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 section. It’s noticed that
the parameter a; defined in Section 2 emphasizes the action executed at the time slot

k, and consequently to acquire the reward function R(sg,ax) at time k as in (3.9).
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However, it is not essential to point out a particular moment in analytical expressions,
i.e. the subscript k for each action a; will be neglected. Instead, two different types
of actions are defined, including selecting the current channel a. and the destination
channel ay where a.,aq € Ay and a. # aq. It is noted that the channel (either a, or
aq) selected by the action will be retained for a time period until the another action is

executed.

4.1.1 NSH Scheme

Let ny, nysu 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 a. to wait for the next

spectrum hole. Similar to (3.8), the expected waiting time ng v ¢y can be obtained as

Nw,nsh = E[nw = €|CL* = ac]

/—1
f . Pr (ﬂ Cac,k+p = 1, Cac,k+€ S Olcac,k = 1)

p=1

NE

(=1

(- T(Cappst1 = 1,06 Capprt = 0) - T(Copp = 1, G, Cauprr = 1)1 (4.1)

NE

~
Il

1

It is noted that the second equality in (4.1) 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. ¢, = 1. Therefore, the expected waiting

time by exploiting NSH scheme 1, .5, 1s to assign P.(c,.r = 1) = 1 in (3.8).

4.1.2 RCS Scheme

Let ny ,cs be the expected waiting time as the RCS scheme is performed, the CR user
will randomly switch to a target channel ay from the network spectrums 1 to N to

acquire channel access. Therefore, for the calculation of n, rcg, there is probability
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P.(a* = ay) for the action ag to select one channel within all the N channels as below:

N
N res = Z E[n, = l|a* = a4 - P.(a" = ay)

as=1
1 N
= — - E[n, =/{]a* =a]+ Z E[n, = lla* = a4
N as=1,as#ac
1 N
= s + > ony (4.2)

as=1,as#ac

where 1y, s, is defined in (4.1) and nls denotes the expected waiting time by selecting
the channel a4 excepting to stay at the current channel a.. In the case that the traffic

pattern of all the N channels are identical, (4.2) can be reformulated by incorporating

(4.1) and (4.2) as

1
Nw,res :N[l + Pr(cad,k - 1)]

oo

(-1
d 07 (Caghr—1 = 1, aa; Cagprs = 0) - 7(Caie = 1, aa, Cagirr = 1) 'nwNSH
(=1

(4.3)

where the selected destination channel a4 is composed by both the randomly selected
channel a4 and the current channel a.. Furthermore, as illustrated in (4.3), the expected
waiting time obtained from the RCS scheme should be less or at least equal to that
acquired from NSH method (i.e. My res < Mupnsh) since the probability P, (¢, =1) <1
for Vas # a.. The benefit for using the random channel selection scheme over the case

to remain at the current channel can therefore be analytically revealed.
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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 probabilities
and transition probabilities. The proposed POSH scheme, on the other hand, deter-
mines its target channel by the POMDP policy which is mainly mapped by the belief
state at each step as shown in Fig. 2.1. Since the value of belief state is obtained from
the observation, action, and former belief state at each step, it becomes impossible to
predict and obtained the target channel in advance. Nevertheless, the analytical model
of POSH scheme can still be approximately estimated since the updated belief state
will gradually approach to stationary probability considering that the network is not
varied rapidly. The effectiveness of the analytical model for the POSH scheme will be
validated and evaluated via simulations as will be presented in Section 6.

Let 1y posn, be the expected waiting time as the POSH scheme is adopted, the result-
ing formulation is similar to the RCS scheme except that the probabilistic distribution

P,.(a* = ay) of action a* is considered non-uniform in this case, i.e.

N
N posh = Z E[n, = {|a* = a4 - Pr(a* = ay) (4.4)

as=1

Let nl and nf# be the first and second minimum expected waiting time resulted from
action ag; and ago respectively, where these two values are obtained as
aq = argminng’
Yas

age = arg min nge (4.5)
Vas,as#aq1

where the expected waiting time by conducting spectrum handoft nls is defined in

(4.2) and can be obtained from (4.3). Considering that the channel conditions are
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identical, switching to another channel will result in either smaller or at least equal
expected waiting time than that with staying at the current channel, i.e. the probability
P(ca, 1 = 1) < 1 for Va, # a, which results in ngy < ngs, . as can be observed from
(4.3). Therefore, the statistical distribution of the chosen action a* in proposed POSH

scheme can be acquired as

1, for as = ag and ny% < nia
. 0.5, for as = a4 and ni‘f}mh > nfdz
P.(a" = ay) = (4.6)
0.5, for as = ag and ny > nda
wise.
0, otherwise

It can be observed that the first case P,(a* = a,) = 1 happens under the situations when

aqdi

as is selected as aq; and n,’r

< ng¢ Tt indicates that in the case of staying at the the
channel a4 with minimal expected waiting time will still result in comparably smaller
or equal value than that from POSH-based spectrum handoff nl#, it is suggested not to
conduct spectrum handoff to another channel a4. Therefore, the probability to stay at
the channel a* = a4 will be equal to 1, i.e. f’r(a* = ag1) = 1. On the other hand, it is
also required to consider the other case with ny" ., > ng®. Under the situation that the
previous selected channel is agq, if the expected waiting time resulted from a4, without
spectrum handoff is worse than that from a4 by conducting spectrum handoff, the

corresponding CR user will decide to switch into channel a4y at its spectrum handoff.

Nevertheless, instead of remaining at channel a4y, the CR user will choose a4 again at

aq2

the next spectrum handoff since the waiting time ngy! is definitely smaller than n,% .

As a result, the channels a4; and age will alternatively be chosen depending on the
previous action of the CR user, which results in ]—Z’T(a* = as) = 0.5 for a* = a4 or age.

According to the probabilistic distribution of the action a* as obtained in (4.6), the
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expected waiting time of proposed POSH scheme can be reformulated from (4.4) as

adl : aq1 aq2
nw,nsh7 if nw,nsh S L% 4
N, posh = . . a ( 7)
L1 ad1 L1naad2 1 d1 aqz
an + an ) if nw,nsh > Ty

The benefits of these analytical models can provide the flexibility to evaluate the
performance of different spectrum handoff schemes in advance. A feasible mechanism
can be selected by the CR user that will be most beneficial in specific circumstance.
The performance validation and comparison between these schemes will be illustrated

in Section 6.

4.2 Practical Considerations for Spectrum Handoff
Schemes

In the previous section, according to the POMDP-based channel selection policies, the
analytical results show that the proposed POSH scheme results in reduced expected
waiting time slots than that from both the RCS and NSH algorithms at the occurrence
of spectrum handoff. However, the ideal circumstance is assumed where only data trans-
mission is considered in a specific time slot. In practical, it’s inevitably to spend a period
of time in order to detect the network condition and to make sure that spectrum hand-
off 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 spectrum handoff that involves necessitate channel sensing and hand-
shaking will be discussed in this chapter. The performance difference between these

schemes under the practical circumstance can consequently be observed.
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Figure 4.1: Practical design for the time-slotted channels under different spectrum
handoff schemes.

As mentioned in previous chapters, the time slotted system is considered in this
paper as shown in Fig. 4.1. Tt is required for the CR user to perform initial sensing on
its current spectrum at the beginning of each time slot in order to assure the availability
of the present channel. If the outcome of initial sensing is observed to be idle, the CR
user can remain in the same slot to conduct packet transmissions. The receiver will
consequently return an ACK frame at the end of this slot to acknowledge to reception
of the 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 will be stated as follows.

4.2.1 NSH Scheme

As shown in Fig. 4.1.(a), the behavior for the time-slotted channel with the adoption
of the NSH scheme is depicted. The slots S; and Si., are utilized to represent the

initial and final slots that are considered in the various handoff schemes for ¢ > 0.
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At the slot S, the intention from primary user to utilized this channel is observed
during the spectrum sensing period. Based on the NSH scheme, the CR user will
remain silent on the existing channel and wait until the primary user has finished its
transmissions. Considering that the traffic from primary user has not been observed
during the sensing period of slot Sj4,, the CR user can consequently conduct its data
transmission. Therefore, the total waiting time by adopting the NSH scheme (i.e.

Twnsh) can be expressed as

Tw,nsh = Naw,nsh * Tslot (48)

where ny, s, is obtained from (4.1), and Ty, represents the time duration of each slot.
Furthermore, the net transmission time within a slot by adopting the NSH method (i.e.

T nsh) can be acquired as

Ts,nsh = Tslot 4 Tack N, Tsens (49)

where Ti.,s dentes the time interval of sensing period, and T,.. indicates the required

time for returning the ACK packet in order to conduct handshake for data transmission.

4.2.2 RCS Scheme

The practical consideration for the RCS scheme is illustrated in Fig. 4.1.(b). After
the initial sensing, the CR transmitter will randomly select a target channel for spec-
trum handoff, where the determination process is considered short and ignored in the
designed. Considering that there are N channels to be selected in the network. Ac-
cording to the RCS method, there are 1/N probability that the CR user will remain at

the current channel; while there are(N — 1)/N chances to switch to another spectrum.
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If the CR user is determined to stay at the existing channel, the required waiting time
acquired in (4.1) will be adopted. In the case that the CR user is suggested to switch to
another channel, both the switching time T}, and an additional sensing time T}, will
be required to observe if the destination channel is busy or not. If the target channel
is occupied by the primary user with probability P,(c,,r = 1), additional waiting time
slots 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 P.(c,,x = 0), the
CR transmitter and receiver will spend T}, time for exchanging handshake messages in
order to confirm the utilization of target channel. As a result, the average waiting time

of the RCS scheme T, ,.s becomes

N
1 N -1
Tw,rcs = %7 nw,nshTslot + T[Tsw + Tsens + PT(Cade = 1) : Tslot : Z nis + Pr(cad,k = O) : Ths]

as=1l,as#ac

=

(4.10)

where 1y, s, is obtained from (4.1). The resulting net transmission time in a slot T ;.5

can therefore be obtained as

Ts,RCS = Tslot - TACK - Tsens - (Ths + Tsw) * Pr(cad,k - O) (411)

4.2.3 Precise POSH Scheme

The precise calculation for proposed POSH scheme is illustrated as shown in Fig. 4.1.(c).
The POSH scheme does not need to spend handshake time between the transmitter and
the receiver as required by the RCS method; while additional calculation time for con-
ducting the POMDP policy is necessitated by the POSH scheme. It is assumed that all
the CR users shared identical network condition and observed the same sensing conse-

quence. Since the POMDP policy is simultaneously performed by both CR transmitter
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and receiver, it is unnecessary to exchange messages in order to inform the receiver
which spectrum is selected as the target channel. Nevertheless, CR user needs to spend
additional time 7}, to implement the POMDP algorithm, and the time T}, to update the
belief state at the end of each slot. Combining all the compartments mentioned above,

the overall waiting time T, 05, can be represented as

Tw,posh = Pr<cad,k = 1) * (nw,posh * Tslot + Tsens) + Pr<cad,k = 0) * (Tp + Tsw + Tsens)
(4.12)

The net transmission time in a slot 7,05, becomes

Ts,posh - Tslot - Tack - Tsens - Tu - (Tp + Tsw) * Pr(cad,k - O) (413)

Due to the large amounts of system states and the complexity of witness algorithm
[19-21], it is in general considered a complicated process to calculate a POMDP-based
algorithm. It can be found in section 3.1 that as the number of channel increases, the
number of system state is augmented exponentially, which makes the update process
of belief state becomes complicated. A reduced form of system state was introduced
in [3; 18] to be adapted in the problems with POMDP-based formulation. It has been
proved to reduce the total number of states which effectively decrease the computation
complexity. The reduced form successfully reduce the number of system state which
becomes equivalent to the number of channel in the system. Furthermore, a efficient
approach for belief state update is also exploited in order to effectively simplify the
updated procedure. Since the number of reduced belief state is equal to the number
of channels as N and each of the state is updated by a specific equation, it can be

concluded that the time complexity of belief state update becomes O(NV).
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Chapter 5

Proposed POMDP-based
Multi-user Spectrum Handoff
(M-POSH) Protocol

In Section 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 user at a specific time slot, those CR users will likely to
select an identical frequency channel for spectrum handoff since all the secondary users
observe the same behavior of primary user. Therefore, the consequence of performing
the POSH scheme in multi-user network will result in packet collisions among those
CR users that intend to perform spectrum handoff. A simple solution to deal with
the collision problem is to adopt the CSMA-based contention resolution [? ]. The
CR users that choose the identical channel will pick a random number to backoff before
actually conducting spectrum handoff. However, the CSMA-based scheme is considered

an inefficient approach since there will only be one user that has the right to access the
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chosen spectrum within a specific time slot. All the other CR users will turn out to
lose the opportunity to transmit data in this slot.

In this chapter, 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 spectrum. The main purpose of the 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 following two sections, the system model and implementation 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. It is assumed
that there are n CR users which conduct saturated data transmission in a slotted
CR network with N (n < N) licensed spectrum. All the CR users are considered
to observe the same channel behavior in the network. Unlike the POSH scheme, the
M-POSH protocol not only needs to consider the traffic of primary user but also re-
quires to coordinate the channel access among the secondary users. Moreover, instead
of exchange 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 [22] 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 section II.B and (3.1). The belief state of the rth CR user is represented as b,(c; ),

where ¢;;, € {0,1} denotes the state of the ith channel in time slot k. Let A; denotes
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the set of channels that are utilized by the CR users at time slot k, i.e. .,Zlk € A, where
A, represents the total available channels in the network as defined in section III.A.

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

0, if 2., =0, a,p =i, and a,, ¢ A

1, if 20 =1 and @, = i, or a, € Ay
br(Cips1) =
be(cig) - T(Cik = 0,ark, Cigyr = 0) + (1 = b(cig)) - T(Cik = 1, ark, Cigy1 = 0),

if Qr 7é 1

(5.1)

where a, represents the action of the rth user in time slot k, and z,j; denotes the
observation of the rth user in slot k. The update process of belief state in (5.1) is derived
via the reduced strategy as in [3] for POMDP-based formulation. For the rth user that
determines to take action a,j to access the ¢th channel, i.e. a,; = 1, the update of the
belief state b, (c; x+1) is determined by the observation z, ;. In other words, the update
of belief state b,(c;x+1) = 0 if the observation z,; is equal to 0; while b,(¢; 1) = 1
in the case that z,., = 1. Another condition for the belief state at the (k + 1)th time
slot to illustrate the busy state is that the action taken at time slot k£ belongs to the
busy channel set, i.e. a,; € Ay. Furthermore, the update process of belief state for the
other n — 1 channel (i.e. a,; # 7) is determined by the the probability computation
as shown in the third item of (5.1). In other words, the idle probability for the next
time slot is equal to the idle to the idle probability 7(¢;x = 0,a, 4, ¢ix+1 = 0) times
idle probability at this time slot plus busy to idle probability 7(c¢;x = 1, @k, ¢ g+1 = 0)

times busy probability at this time slot.
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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. The information that the oc-
cupancy of each channel by its corresponding CR user is available to all the CR users.
In the case that a CR user intends to conduct spectrum handoff, it will broadcast a
handoff message on the common control channel in order to announce all the users re-
garding the change of network condition. Since there may exist more than one CR user
that need to broadcast its handoff message simultaneously in the same time slot, there
is potential that these messages from different CR users can collide with each other.
A random backoff contention window is therefore utilized in the proposed M-POSH
scheme in order to resolve the potential packet collision problem. Each CR user that
intends to delivery the handoff message on the control channel will wait for a random
number in a pre-specified interval such as to ensure the message can be successfully
received.

The handoff message includes three fields as follows: (a) access number, (b) original
channel, and (c) candidate set of target channels. The access number is assigned to each
CR user that intends to perform spectrum handoff, whose value is randomly selected
by the CR user within a predefined interval. The original channel field records the ID
of the channel that the CR user is currently in use before handoff. The candidate set of
target channels for each specific CR user denotes the available channels to potentially
conduct spectrum handoff, i.e. D, = [d,1,...,d,,] where d,; represents the ith priority
in the target channel set of user . The procedure for user r to acquire the candidate
set of target channels D, can be expressed in Algorithm 1 as follows.

The concept of the candidate set of target channels for each CR user is to acquire
the formation of unoccupied channels based on the criterion of minimal waiting time.

As shown in Algorithm 1, the target candidates are selected sequentially based on the
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corresponding cost function W. It is noted that the parameter m denotes the number
of CR users that intend to conduct spectrum handoff at time slot k, which consist of
the user set R,,. If the selected action is observed to exist in flk, the chosen a* will
be replaced by the original channel and recorded in the candidate set. As a result,
this replacement criterion can ensure that none of the CR user’s candidate set D,
will be identical. This can facilitate the negotiation process will for the CR users to
select a designate target channel from their candidate set, which will be described as

in Algorithm 2.

Algorithm 1: Acquiring Candidate Set of Target Channels D, for User r

Input : A, with size (?? n), Ay, with size N
Output: D, with size n

for i — 1 to n do

U >l T(Civpno1 =L gy Cioprp =0) - Po(cifg=1) - T(cip =
=

N =

17 Ar k) Cik+1 = 1

3 ay = argmin,, , ¥V

4 | if a* ¢ Ay then

5 Add a} to D,

6 Remove a* from Ay why???
7 end

8 else

9 ‘ Add original channel to D,
10 end

11 end

As illustrated in Algorithm 2, after collecting the information of handoff message
from the m CR users, the target channel for each user can therefore be determined by
a negotiation procedure between the users. Let T} denotes the set of target channel
that are selected by the CR users at the occurrence of spectrum handoff in time slot
k. The target channels for the entire m CR users will be sequentially selected based on
the access number of each CR user. The selection criterion is based on the situation

if the potential target channel d,; is not in both sets of T, and Ai. Therefore, every
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CR users within the network can choose its target channel without collision with the
other CR users. It is noticed that with the consideration of other CR traffic within
the network, the occupied channel sets of CR users A, will also be updated based on
the information from both the original channel and the target channel of the user set
R,, that conduct spectrum handoff. In summary, the proposed M-POSH protocol can
provide a negotiation mechanism for each CR user to select its target channel without

being collide with the selection made by other CR users in the network.

Algorithm 2: Selection of Target Channel
Input : D, with size n, R, with size m
Output: Target channel of each CR user ay,,

1 foreach CR users in R,, do

2 for i — 1 to m do

3 if d.; ¢ T, and d,; ¢ A, then
4 Destination channel < d,;
5 Add d,; to Ty

6 break

7 end

8 end

9 end
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Chapter 6

Performance Evaluation

In this chapter, simulations are presented to demonstrate the performance of proposed
POSH and M-POSH protocols. The major focus in the simulations is to obtain the re-
quired waiting time slots for the secondary user while it has been directed to the target
channel. 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 par-
tial channel information is observable. Therefore, the proposed scheme will be compared
with two different cases as mentioned in Section 4, including both the NSH scheme and
the RCS mechanism. The traffic of the primary user follows the poison distribution,
and the service time is assumed to be a uniform distribution with mean 1/u = 1.
Three channels are considered in the simulations, i.e. s; = [c1x, Cox, C3x); While the
discount factor in (3.10) is selected as p = 1. The reduced state strategy is utilized
in the simulations to obtain the numerical results of the POMDP-based optimization

problem.
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Figure 6.1: Performance validation: the number of waiting time slots versus traffic
arrival rate.

6.1 Model Validation

The analytical models for required waiting time slots of the three schemes, including
POSH, NSH, and RCS algorithms, as presented in (4.1), (4.3), and (4.7) are validated
via simulations results as shown in Fig. 6.1. It can be observed that the expected
number of waiting time slots from all these three schemes increase as the traffic arrival
rate () 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 analytical results. On the other
hand, there exists slight difference between the analytical and simulation results of the
proposed POSH scheme. The major reason for this deviation can be contributed to the
imprecise modeling of POSH scheme based on stationary probabilities.

In order to clearly illustrate the difference between these two results, the biased
percentage 3 is introduced and is defined as § = % x 100 where ng, - and ng, -

w,¢
correspond to the expected waiting time slots obtained from analysis and simulation
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Figure 6.2: Performance validation: the biased percentage (3 versus traffic arrival rate.

respectively. The parameter ( indicates the either one of the three spectrum hand-
off schemes. Fig. 6.2 illustrates the biased percentage 3 for the three schemes under
different traffic arrival rates. It is noted that the proposed POSH method is imple-
mented under the simulation runs with different number of transmission time slots, i.e.
T = 10%, 10°, and 10°. It can be observed that even the behavior of belief state can not
be exactly modeled and analyzed, the analytical results derived by stationary proba-
bility can still approach to the simulation values within 3% of estimation difference. It
can also be seen from Fig. 6.2 that the bias can be diminished as the number of trans-
mission time slots for the simulations are increased. This results reveal the case that
with longer time of simulation, the incomplete network information can be updated
more accurately. The simulation results will tend to possess stationary behaviors as is

presented by the analytical model in (4.7).
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Figure 6.3: Performance comparison: the number of waiting time slots versus the
number of spectrum handoff.

6.2 Performance Comparison

Fig. 6.3 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 Cj is chosen with the transition probability from idle
to idle state for each channel as 7(¢;, = 0, ag, €ips1 = 0) = 0.8,0.7,0.65 for ¢ = 1,2, 3;
while that from busy to idle state is selected as 7(¢;x = 1, ag, ¢;+1 = 0) = 0.4,0.5,0.55
for i = 1,2,3. On the other hand, a worse channel condition C', is determined with the
transition probability from idle to idle state as 7(c;x = 0, ax, ¢ig+1 = 0) = 0.4,0.3,0.35,
and that from busy to idle state is set as 7(c;x = 1,ak,Cigy1 = 0) = 0.1,0.2,0.15.
For fair comparison, the NSH method is 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
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Figure 6.4: Performance comparison: the number of waiting time slots versus the total
number of transmission time slots.

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. 6.4 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. 6.4
at each horizontal data point. It can be observed that the proposed POSH algorithm
still outperforms the RCS scheme under both the C and C, channel conditions. Even
though the effect from the total number of spectrum handoff has not been considered
in the value function (in (3.10)), the POSH scheme can still provide smaller waiting
time comparing with the RCS method.

Figs. 6.5 and 6.6 illustrate the performance comparison among the POSH, the RCS,
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Figure 6.5: Performance comparison: the number of waiting time slots versus traffic
arrival rate (numbers of spectrum handoff = 250).

10 . >
2 —#—RCS
o —6— NSH
£ —+— POSH
2 10°} |
S
\Q-) S
Qo
£
=]
z

Figure 6.6: Performance comparison: the number of waiting time slots versus traffic
arrival rate (number of transmission time slots = 10000).
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Figure 6.7: Performance comparison: the waiting time with practical consideration
versus different arrival rates.

and the NSH schemes under different values of packet arrival rate A of the primary user.
Fig. 6.5 shows the comparison under fix numbers of spectrum handoff equal to 250 and
Fig. 6.6 is performed under number of transmission time slots equal to 1200. 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.

The practical consideration for the three handoff schemes are presented as in Figs.
6.7 and 6.8. The corresponding parameters are listed as follows: Ty, = 100 ms,
Tsens = D ms, Ty, = 10 ms, Tps = 1 ms, and Ty, = 1 ms. Fig. 6.7 illustrates
the expected waiting time as was obtained from (4.8), (4.10), and (4.12) from the
NSH, RCS, and POSH scheme respectively. Two cases with policy time 7, = 0 and
5 ms for the proposed POSH scheme are considered; while the update time T, =77.
With practical consideration, the proposed POSH scheme is demonstrated to provide
smaller expected waiting time slots under different arrival rate of primary user. Even

though the calculation of POMDP-based policy requires additional computation time,
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Figure 6.8: Performance comparison: the net transmission time per slot versus different
arrival rates.

the overall performance is still better in comparison with the NSH and RCS methods.
Furthermore, it is observed in Fig. 6.7 that the waiting time 7T}, ,0s, Will only be affected
by T}, while the target channel of spectrum handoff has high probability in idle state.
In other words, 7, will degrade the performance of proposed POSH scheme at lower
primary traffic circumstance, and will become insignificant with higher primary traffic.
Nevertheless, since POSH scheme can provide better performance among the three
schemes at low primary traffic (as shown in Figs. 6.5 and 6.6), it is concluded that the
degraded effect from 7, will not be significant by adopting the POSH scheme.

In order to better present the utilization of licensed spectrum, Fig. 6.8 is exploited
to illustrate the net transmission time within a time slot. Two cases with update time
T, = 0 and 3 ms for the proposed POSH scheme are considered; while the policy time
T, =77. It is noticed that the update time T), is considered additional time to expense
for the proposed POSH scheme; while the policy time 7}, will only occur as spectrum
handoff happens. It is intuitive to observe that the net transmission time obtained
from all three schemes decreases as the arrival rate of primary traffic is increased.

Furthermore, as A is increased, the net transmission time of proposed POSH scheme
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Figure 6.9: Performance comparison: the expected number of waiting slots versus
different number of channels (with 2 CR users).

becomes closer or even worse than the RCS and NSH schemes, e.g. the POSH scheme
with T,, = 3 ms is worse than the RCS algorithm as A > 0.75. Therefore, practical
consideration for these handoff schemes can provide a channel selection criteria for the
CR users to determine which handoff scheme should be applied to obtain their target
channel.

Figs. 6.9 and 6.10 compare the performance of NSH scheme, RCS scheme, and
the proposed M-POSH protocol under the circumstance of multiple CR users within
multi-channels network. Fig. 6.9 shows the performance comparison under two CR
users; while Fig. 6.10 illustrates the circumstance with 7 channels in the networks.
Two different arrival rates of primary traffic are considered for all schemes, i.e. A\ =
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 case without the consideration of
multiple users in the network. On the other hand, regarding the RCS and M-POSH

schemes, the expected number of waiting slots is decreased as the number of available
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Figure 6.10: Performance comparison: the expected number of waiting slots versus
different number of CR users (with 7 available channels).

channels is augmented; while it is increased with the augmentation of total CR users due
to the potential collisions happened in the network. The performance of RCS scheme
can becomes worse than that from NSH method in certain circumstances accounting to
NSH scheme at least guarantee no collisions will happen in the network. From example
as in Fig. 6.10, the RCS scheme with A = 5 results in higher number of waiting slots
as the number of CR users greater than 5 in comparison with the NSH method.
Nevertheless, the proposed M-POSH protocol can adaptively selecting the target
channel based on the availability of network channels with the consideration of collisions
between the CR users. As shown in both Figs. 6.9 and 6.10, the proposed M-POSH
scheme outperforms both the RCS and NSH algorithms under different scenarios. As
the network channels are in occupied conditions, e.g. the number of CR users is equal to
the number of licensed spectrum as the most left data point in Fig. 6.9, the proposed
M-POSH protocol will decide to stay at the current channel in order to reduce the
probability of 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. Consequently, the performance of M-POSH scheme can achieve the optimal
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performance as that obtained from the POSH scheme for single user case (as presented
in Fig. 6.1). The merits of the proposed POSH and M-POSH schemes can therefore be

observed.
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Chapter 7

Conclusion

This paper proposes a strategy for post-sensing spectrum handoff based on 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. Furthermore, in order to consider
the multi-user CR network, POMDP-based multi-user spectrum handoff (M-POSH)
protocol is proposed to resolve the collision problem among multiple users that intend
to conduct spectrum handoff. It is observed from both the simulation and analytical
results that the proposed POSH M-POSH protocols can effectively reduce the waiting

time of spectrum handoff for a partially observable CR network.
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