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Executive Summary:

Cognitive radio (CR) networks are emerging wireless communication technology. In CR
networks, the users can intelligently sense, learn, and identify all the possible spectrum
opportunities, and share the spectrum opportunities properly to achieve the optimal spectrum
efficiency.

In CR network, spectrum handoff process arises when CR users wish or need to transfer
their connections to an unused spectrum band. The spectrum handoff mechanism should
dynamically allocate secondary user with licensed spectrum without interfering with primary
users. This requires sophisticated techniques in order to sense and detect the primary user. If
spectrum handoff occurs, secondary user moves to the best available spectrum band. The best
available spectrum band depends on handoff decision in both spectrum sensing and variable
channel bandwidth. Our handoff methods focus on the seamless transition with minimum quality
degradation.



In this project, the main goal is to investigate the spectrum handoff for heterogeneous
cognitive cooperative wireless systems.
Specific tasks include three folds:

First, we investigated the reactive-sensing and proactive-sensing spectrum handoff, and
compared their performance.

Second, we investigated how to minimise the packet latency in proactive sensing spectrum.

Third, we also examined using delay bandwidth product (DBP) as a criteria for handoff
channel selection in variable channel bandwidth.

3+ 3% = % (Achievements):
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English  Abstract

In this paper, we will investigate the
spectrum handoff schemes for the cognitive
radio networks. Spectrum handoff occurs
when the primary users appear and the
secondary users are using this particular
primary user's licensed channel. We compare
two major types of spectrum handoff
schemes. One is the reactive-sensing
spectrum handoff, where the target channel
for spectrum handoff is selected or sensed
only after the spectrum handoff request is
made. The other one is the proactive-sensing
spectrum handoff, for which the target
channel is pre-determined. The advantage of
the reactive spectrum handoff is the accuracy
of the selected target channel, but pays the

cost of sensing time. By contrast, the
proactive spectrum handoff avoids the
sensing time, but the pre-determined target
channel may not be available. We will
provide a Preemptive Resume Priority
M/G/1 queueing network model to analyze
in which condition that the reactive- or
proactive-sensing spectrum handoff should
be used dependent of sensing time.

1 Introduction

Cognitive radio (CR) can improve
spectrum efficiency by allowing secondary
users to temporarily access primary users'
unused licensed spectrum [7, 14, 21].
Cognitive radio (CR) system requires four
important functionalities [1]: (1) spectrum
sensing (detecting unused spectrum); (2)
spectrum management (selecting the best
channel); (3) spectrum sharing (coordinating
the channel access among multiple users)
[27]; and (4) spectrum mobility (switching to
other available channel when a licensed user
appears).

In this paper, we focus on the
spectrum mobility (or called spectrum
handoff) issue, which is discussed less often
in the literature than other spectrum issues of
CR networks. Spectrum handoff occurs
when the high-priority primary user appear
at its licensed channel and find that the
channel is occupied by secondary users [28].
In this case, secondary users are forced to
vacate the occupied licensed spectrum.
Spectrum handoff procedures aim to help
secondary users find suitable target channels
to resume the unfinished transmission. In
general, according to the target channel
methods, handoff

selection spectrum



mechanisms can be categorized into: (1)
proactive-sensing spectrum handoff; and (2)
reactive-sensing spectrum handoff.

* For the proactive-sensing spectrum handoff,
secondary users make the target channels for
spectrum handoff ready before its
transmission. In this case, secondary users
periodically observe all channels to obtain
the channel usage statistics, and determine
the candidate set of target channels for
spectrum handoff according to the long-term
observation outcomes [5, 12].

* For the reactive-sensing spectrum handoff,
the target channels are searched by the
on-demand manner. In this case, the
instantaneous outcomes from wideband
sensing will be used to determine the target
channel selection for spectrum handoff [9,
22, 26, 29].

Although many spectrum handoff
schemes are proposed, the analytical model
for characterizing these algorithms is not
seen too much yet.

In this paper, we focus on developing
an analytical model for the spectrum handoff
in CR networks. The main contribution of
this paper is to propose a preemptive resume
priority (PRP) M/G/1 queueing network
model to characterize the spectrum usage
behaviors between primary and secondary
users in CR networks. Based on this model,
we can compare two major types of
spectrum handoff schemes. Furthermore, we
can also analyze in which condition that the
reactive- or proactive-sensing spectrum
handoff should be used dependent of sensing
time.

The rest of this paper is organized as
follows. Section 2 reviews the related
literature about the spectrum usage models.

In Section 3, we introduce the basic
operations of spectrum handoff protocols.
Next, we propose a PRP M/G/1 queueing
network to evaluate the latency performance
in Section 4. Finally, we give our concluding
remarks in 5.

2 Related Work

The concept of spectrum handoff in
CR networks is different from the traditional
handoff mechanisms in wireless networks. In
spectrum handoff, two types of users with
different priorities are considered. The
high-priority users have the right to interrupt
the transmission of the low-priority users
and ask them to leave the channel even
though the signal strength of the low-priority
user is still acceptable. In the traditional
handoff, all users have the same priorities
and the decision of changing channels is
made mainly due to the deterioration of the
current channel signal quality.

Basically, the modeling for spectrum
handoff in the current literature can be
categorized into four methods. Their
advantages and disadvantages are discussed
as follows.

2.1 Independent Channel Access
Probability Model

In [4, 23], authors assumed the access
probability of primary users in each slot is
independent. Based on this simplification,
the distributions of both busy and idle
periods are exponentially-distributed. Hence,
the complex probability model for channel
usage in CR networks can be simplified due
to the memoryless property of exponential
distribution.  However, this analytical
approach cannot extend to the general traffic
patterns.



2.2 Two-Dimensional Markov Chain

The authors in [2, 10, 19, 20, 32]
used the two-dimensional Markov chain to
analyze the performance measure of CR
networks such as the blocking and the forced
termination probabilities. In their models,
each state corresponds the total numbers of
primary users and secondary users in CR
system. That is, in each state, we cannot
distinguish which specific channels are used
by users. Hence, their models are usually
quite difficult to analyze the delay
performance of secondary users for the
proactive-sensing based spectrum handoff.
Further, the overhead of the spectrum
sensing was also not considered.
2.3 Markov Decision Process

In [30, 31], the frameworks of
Markov decision process were proposed to
select the target channel to maximize
throughput of secondary users. They
assumed the traffic statistics of the primary
network are such that the channel occupancy
follows a discrete-time Markov process.
Then, based on the decision-theoretic
approach, secondary users can adaptively
select the best target channel. However, this
approach ignores the effect of secondary
users' traffic load. In fact, the past and future
decisions of secondary users will affect the
secondary users' traffic load on each channel
and thus also affect the statistics of channel
occupancy.
2.4 PRP M/G/1 queueing Model

In [8, 11, 15, 16], authors used PRP
M/G/1 queueing model to characterize the
spectrum usage behaviors. In [11], authors
assumed primary users have not the
preemptive priority. Next, in [15, 16], the
secondary user is forced to stay on the

current to resume its transmission when it is
interrupted. Finally, although [8] allowed
that secondary user can change its operating
channel when it is interrupted, it does not
consider the traffic load of interrupted users
which come from other channels on each
channel. Hence, this model cannot handle
the interaction between different channels.
3 Spectrum Handoff Procedure

Spectrum handoff occurs when the
primary customers appear in the channel
occupied by the secondary customers. In this
situation, the secondary customer shall
immediately handoff (transit) from the
current channel to the target channel.
3.1 Spectrum Handoff Mechanism for
CR Networks

The spectrum handoff mechanism
has been discussed in many literature [6, 13,
17]. They consist of five key steps as
follows.
1. Firstly, we assume the secondary users
SU1 and SU2 communicate on the channel
Ch1 as shown in Fig. 3.1(a).
2. Furthermore, when primary users appear
on Chl, SU1 can detect this appearance
event and prepare to perform spectrum
handoff procedure as shown in Fig. 3.1(b).
3.Next, SU1l pauses its  current
communication within a predefined duration
as shown in Fig. 3.1(c). Furthermore, it must
also notify SU2 of the interruption event
before another predefined time interval.
4.Then, SU1 and SU2 can resume its
transmission on the selected target channel
as as shown in Figs. 3.1(d)-(f).
5.Finally, because a frame may be
interrupted many times during its
transmission duration, the similar spectrum
handoff procedure may be performed many



times.

Note that the target channel can be
selected by different target channel selection
methods for spectrum handoff as discussed
in Section 1. The different selection will lead
to different handoff delays.

3.2 Handoff Delay for Spectrum Handoffs

The handoff delay of the interrupted
customer is dominated by the selected target
channel. In this paper, handoff delay is
defined as the duration from the instant of
pausing frame transmission until the instant
of resuming the transmission. Figures
3.1(d)-(f) show the handoff delay for
different selections of target channel under a
two-channel system. In general, when SU1 is
interrupted by primary users, it will change
its operating channel to the other channels,
like Ch2. Hence, the remaining frame of
SULl will be a newly arriving secondary
customer of Ch2. In this situation, there are
two possible cases. In case 1, if the target
channel Ch2 is idle, SU1 can immediately
start transmitting its data frame as shown in
Fig. 3.1(d). However, in case 2, if Ch2 is
busy, SUL needs to wait until all the other
secondary users waiting for Ch2 in queue
have been served as shown in Fig. 3.1(e). On
the other hand, when choosing the target
channel, the current channel (Chl) can be
also one of candidates as shown in Fig.
3.1(f). Hence, the remaining transmission of
SULl will be a newly arriving secondary
customer of Chl. In this situation, SU1 can
continue accessing the channel only after the
primary users finish the transmission
because it is in the head of low-priority
queue. Note that the similar procedure will
be applied if this secondary customer is
interrupted again on the selected target

channel.
4 PRP M/G/1 queueing Network and
Analysis Results
4.1 PRP M/G/1 queueing Network

In this paper, we use PRP M/G/1
queueing network which is proposed in [24,
25] to analyze in which condition that the
reactive- or proactive-sensing spectrum
handoff should be used dependent of sensing
time. Some important properties for the PRP
M/G/1 queueing network model are listed
below:
*Primary customers have the preemptive
priority to interrupt the transmission of
secondary customers.
*The interrupted secondary customer is
designed to resume the unfinished
transmission, instead of retransmitting the
whole data frame.
* The interrupted secondary customer's target
channel can be different from its current
operating channel, which is a key difference
to the traditional PRP M/G/1 queueing
theory [3].

Figure 1 shows the an example of the
PRP M/G/1 queueing network with two
channels, in which primary customers are
put into the high-priority queue, and
secondary customers are put into the
low-priority  queue. When  secondary
customers are interrupted by primary
customers, they can stay on the current
channel or change their operating channels
to another channel. First, in the change case,
the unfinished data will be put into the tail of
the low-priority queue of another channel.
Second, the unfinished data can also be
inserted into the head of the low-priority
queue of the current channel when the stay
case occurs. In both case, the unfinished



transmission can be resumed when the
channel becomes idle.

In this model, one of key parameters
is the effective transmission time. It is the
transmission duration from the time instant
that frame is transmitted or resumed until the
time instant that the interruption event
occurs. For example, if a secondary
customer finishes its frame transmission
without any interruption, the effective
transmission time is its whole frame length.
On the other hand, a secondary customer can
successfully transmit only partial frame to
the corresponding receiver when it is
interrupted by primary customers. In this
case, the effective transmission time is the
transmission duration of this partial frame.
4.2 Relationship between Spectrum
Handoff Procedure and PRP M/G/1
gueueing Network

The proposed PRP M/G/1 queueing
network can modeled the five key steps of
spectrum handoff mechanism as discussed in
Section 3.1. They are summarized as
follows.

1. Secondary customer arrival event as
shown in Fig. 3.1(a): The arrivals of
secondary customers whose default channel
is channel K are modeled by the Poisson

(k)
processes with mean rates 45

Furthermore, their service time distributions

b (x)

are denoted by with  mean

E[X"]

2. Primary customer arrival event as shown
in Fig. 3.1(b): The arrivals of primary
customers whose default channel is channel
K are modeled by the Poisson processes

with mean rates A{" . Furthermore, their
service time distributions are denoted by

" _ 0
by (X) \with mean E[Xo 1,

3. Interruption event as shown in Fig.
3.1(c): In the proposed queueing network
model, primary customers have the
preemptive priority and thus can interrupt
the transmission of secondary users. Hence,
secondary customers must pause their
transmission when primary  customers
appear.

4. Resumption on target channel as shown
in Figs. 3.1(d)-(f): Secondary frame must be
resumed on the selected target channel. This
model can handle different results of target
channel selection through different feedback
paths. For example, in Fig. 1(f), when
secondary customer selects to stay on the
current channel, it will be inserted into the
head of the low-priority queue of the current
channel through the feedback path.

5. Multiple handoff event: The interrupted
secondary frame will resume its transmission
on the target channel. Hence, this unfinished
frame will be the newly arriving secondary
customer. For channel k, the arrival rate of
the secondary customers with 1-1

. 0
interruptions (121) is denoted by 4 .

Furthermore, its effective transmission time

b (x) E[X]

is denoted by with mean

4.3 Analysis Results of Transmission
Latency

The closed-form expressions of transmission
latency for reactive- and proactive-sensing
spectrum handoff have been derived in [25]
and [24], respectively. Now, we consider a
two-channel system as shown in Fig. 1. We



assume that each channel has the identical

traffic patterns. Hence, the notation (k) in
all system parameters can be dropped. Let

#s =UELX] Then, the transmission

latency for reactive-sensing  spectrum
handoff can be expressed as follow:

E[L

reactive ]

= E[X.]

 altor + (EDXGD? Aot + EIX ] ~t )|
(1 2EDX D)’

where & is the processing time which is
the sum of channel switch time (tS) plus

channel sensing time (tf ).

On the other hand, we have proved that there
exist only two predetermined target channels
sequences to minimize the handoff latency
when we select the channel with the shortest
handoff delay to be the target channel at
each spectrum handoff. The first one is the
always-stay case where the interrupted
customer will always stay on its default
channel until its packet is transmitted
completely. In this case, the average
transmission latency can be expressed as
follows:

E[X,]

E[Lyy] = E[&H%ﬂ&]m-
B ol (2

Furthermore, the second one is the
always-change case where the target
channels will alternately switch between two
channels. In this case, the average
transmission latency can be expressed as
follows:

E[Lchange]
= E[X,]
A ) A 2 e
LN 1_%_/% o

where L, is the channel switch time,

pO = ﬁ’OE[XO] , and ps = /ISE[XS] . Hence,

in the proactive-sensing spectrum handoff
scheme, the optimal transmission latency can
be expressed as follows

Lproactive = mi n{E[ Lstay ] J E[ Lchange ]} (4)

4.4 Numerical Results

Figure 2 shows the transmission latency in
the always-stay and the always-change cases.
Based on (4), our proposed greedy selection
can intelligently operate on the best target
channel with the lowest transmission latency.

With a lower value of )“0, the interrupted

customer prefers to change the operating

channel. By contrast, Ay is large, the

interrupted customer prefers the always-stay
strategy. This phenomenon can be also
interpreted by the renewal theory as follows

[18]: As Ay increases, the busy period

increases. Thus, it is more likely that the
randomly interrupted secondary customer
will see a longer busy period. Hence, in this
case, the interrupted customer prefers
staying on the original channel.

Fig. 3 compares the transmission latency of
spectrum handoff with reactive- and
proactive-sensing spectrum handoff schemes.



When the sensing time (tf) for spectrum

handoff is zero, the reactive-sensing
spectrum handoff scheme has the shortest
transmission  latency.  However, the
transmission latency increases as sensing

time increases. For example, when t = 0'7,
the transmission latency with
reactive-sensing spectrum handoff scheme is
not always better than that with

proactive-sensing spectrum handoff scheme.

o

As shown in this figure, when is smaller

than 0.13, the proactive-sensing spectrum
handoff scheme has shorter transmission
latency because the selected target channel is
idle with higher probability.
5 Conclusions

In this paper, we compare two major
types of spectrum handoff schemes. One is
the reactive-sensing spectrum handoff, and
the other is proactive-sensing spectrum
handoff. We provide a Preemptive Resume
Priority M/G/1 queueing network model to
analyze in which condition that the reactive-
or proactive-sensing spectrum  handoff
should be used dependent of sensing time.
Because this model can handle the case
when the interrupted secondary users need to
change their operating channels, the
interaction between different channels can
be elaborated exactly. Furthermore, the
effects of traffic patterns and target channels
selection strategies on transmission latency
can be also considered simultaneously.
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(c) Secondary customers pause their transmission.
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(d) Secondary customers resume their transmission on
the other channel which is idle now.
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resume the transmission

(e) Secondary customers resume their transmission on
the other channel which is busy now.

Choice 2: Stay
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(f) Secondary customers resume their transmission on
the current channel.

Figure 1: An example of target channel selection under a
two-channel system. The notations “"H/LPC" represents the

occupation duration resulted from primary and secondary users.

Channel 1
High-priority
(1) Queue @
Al L X
o :DID_ T >_£epart|ng
Ne oy users
O e
(1) | Low-priority
An IL_Queue
I
Ne) Low-priority | :
“ 4| Queue @
(2) ©l{x)
M :D:Dj7 ” " )__giepar‘ting
' users
2D -
- High-priority W
Queue
Channel 2

Figure 2: The PRP M/G/1 queueing network for two-channel

system where N1,

12

?«.s=0.1: uu=D.5. and |ls:G.5

18
Xl 3
’
—_— —ctay o :
sl sways-stay case ’d
E' = =0— - aways—change case ,
& 32 optmal case
i
£ 3
=2
W 28}
E
c 26
©
= oa4p
22
3 L L L L L L L
04 0.08 0.08 0.1 0.12 0.14 0.18 o1 [

Amival Rate of Primary Users {I-.DJ

Figure 3: Comparison of transmission latency in the always-stay

and the always-change cases where L=0 gng o = 1/E[X°].

}vS=D.15. n.=0.6, and |.15:[J.4

ba

44
]
42F Proactive—tazed (optimal case) e {
— at = =0 = Reactive—based =2) . e’ i
%’ o Feactive-based (1=0.7)
=~ agl 4
B 40 = = = = Reactive-based (=0}
Ll
S 34 .e
@ -2
e 32} ~ a
E
5 E- —
£ 3 L et
i o
— 28 @ - 4
28| €To---"77

008 0be 008 01 042 O OiE @@
Aurival Rate of Primary Customer [I-,G}

Figure 4: Comparison of transmission latency for different

spectrum handoff schemes where =0 and *o =1/E[X°].



Modeling and Analysis for Proactive-decision Spectrum Handoff in Cognitive
Radio Networks

¢ iR
R TRAT R ﬁﬂﬁéwﬂ FiE
ﬁ%ﬁ%ﬁ’—%iﬁm*&m%@ﬁ
%R A ﬁﬁ%*im@%°ﬂw’—;
iﬁ%*iiéﬁ@ﬁﬁ %ﬁ%*ﬁw
ﬁi*%iﬂﬁﬁ@ﬁifﬁé%%ﬁﬁ
it e B DAL g e A Loy
Bz MR HL R R H PR T
Bt oo ipthen(T 5o i THEE S 3%
(Spectrum Handoff) o &2 ¢ » i
e e T L B4 I e R
W e il B Sk )
Lo g AP PRI R AT e
P AR E R B R e R
6 AP d - BEAFRRR R B2 RE
HP ARG - KIEA T &7 1 ’3‘
T AP S IR R A 59 S S R L
ﬁéﬁ@ﬁﬁﬁo

English  Abstract

Spectrum handoff occurs when the primary
users appear in the licensed band occupied
by the secondary users. Spectrum handoff
procedures aim to help the secondary users
to vacate the occupied licensed spectrum and
find suitable target channel to resume the
unfinished transmission. In this paper, we
discuss how to select the target channels to
minimize the total service time with multiple
spectrum handoffs. We propose a preemptive
resume priority (PRP) M/G/1 queueing
network model to evaluate total service time
for various target channels selections. Then,
we suggest a low-complexity greedy
algorithm to select target channels.
Numerical results show that a spectrum
handoff scheme based on greedy selection

strategy can reduce total service time
compared to the randomly selection scheme.

1 Introduction

Cognitive radio (CR) can improve spectrum
efficiency through intelligent spectrum
management technologies by allowing
secondary users to temporarily access
primary users' unutilized licensed spectrum.
In order to enhance spectrum management,
CR systems require many capabilities such
as spectrum mobility (or called spectrum
handoff) [1]. Spectrum handoff occurs when
the high-priority primary users appear at its
licensed band occupied by the secondary
users. Spectrum handoff procedures aim to
help the secondary users to vacate the
occupied licensed spectrum and find suitable
target channel to resume the unfinished
transmission.

In general, according to the target channel
decision  methods, spectrum  handoff
mechanisms can be categorized into [7, 8]:
(1) proactive-decision spectrum handoff:
make the target channels for spectrum
handoff ready before data transmission
according to the long-term observation
outcomes, and (2) reactive-decision
spectrum handoff: determine the target
channel according to the results from
on-demand wideband sensing.

Compared to the reactive-decision spectrum
handoff, the proactive-decision spectrum
handoff may be able to reduce handoff delay
because the time-consuming wideband
sensing is not required [10]. Furthermore, it
is easier to let both transmitter and receiver



have a consensus on their target channel for
the proactive-decision spectrum handoff than
for the reactive-decision spectrum sensing.
Nevertheless, when the spectrum handoff
process is initiated, the proactive-decision
spectrum handoff needs to resolve the issue
that the pre-selected target channel may no
longer be available. Hence, one challenge for
the proactive-decision handoff is to
determine the optimal target channels
sequences to minimize total service time.
In this paper, we focus on finding the
optimal target channels sequences for the
proactive-decision spectrum handoff in CR
networks, while leave the reactive-decision
spectrum handoff in the further work. The
main objectives of this paper are described
as follows:
* A preemptive resume priority (PRP) M/G/1
queueing network model is proposed to
characterize the spectrum usage interactions
between primary and secondary users with
multiple spectrum handoffs. Based on this
model, the total service time for various
target channels sequences can be evaluated,
and then the optimal target channels
sequences can be found.

* A suboptimal greedy target channel
selection scheme is proposed to reduce the
complexity for finding optimal target
channels. The complexity of the proposed
greedy target channel selection scheme is
independent of the total number of channels.

The optimal sequences for target channels
can be determined by exhaustive search for
all possible permutations of target channels,
but this method is obviously to complicated.
Based on the proposed PRP M/G/1
analytical model, it will be shown that the
proposed low-complexity greedy target
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channel selection scheme can reduce the
total service time compared to the randomly
selection scheme.

The rest of this paper is organized as follows.
In Section 2, we formulate an optimization
problem of target channels selection aiming
to minimize total service time with multiple
spectrum handoffs. Next, we propose a PRP
M/G/1 queueing network model to evaluate
total service time for various target channels
sequences in  Section 3. Then, a
low-complexity greedy target channel
selection scheme is discussed in Section 4.
In Section 5, we derive the total service time
resulted from the proposed greedy target
channel selection scheme in a simplified
case. Numerical and simulation results are
given in Section 6. Finally, we give our
concluding remarks in Section 7.

2 Problem Formulation

2.1 An lllustrative Example for
proactive-decision Spectrum Handoffs

We consider a slotted-based CR network
where each slot consists of sensing phase
and transmission phase. Before data
transmission, secondary users must perform
sensing procedure to check availability of
the current operating channel. Furthermore,
the spectrum handoff protocol proposed in [8]
is considered. This protocol assumes each
secondary user must wait on the selected
target channel until it becomes idle.

Figure 1 shows an example where multiple
spectrum handoffs occur during a packet
transmission. In this figure, HPC and
LPC  stands for the high-priority customers
(i.e., primary customers) and the low-priority
customers (i.e., secondary customers),
respectively. Consider secondary user 1
(SU1), whose default channel is channel Chl.



In the beginning, SU1 transmits its packet to
the corresponding receiver SU2. SU1
requires total 28 time slots to transmit the
whole packet. Assume that SU1l's target
channels sequence (denoted by @) is (Ch2,
Ch2, Ch3). The multiple handoffs process is
described as follows. At the first interruption,
SUL1 changes to the idle channel Ch2 from
channel Ch1. The handoff delay in this case
is the channel switching time (denoted by
ts). At the second interruption, SU1 stays
on the current channel Ch2. SU2 can access
the channel only after the high-priority
primary customers of Ch2 finish their
transmissions. In this case, handoff delay is
the busy period resulted from the primary
customers of Ch2 (denoted by Yo@). At the
third interruption, SU1 changes to Ch3.
Because Ch3 is busy, SU1 cannot be served
until all the other customers in the present
queue of Ch3 have been served. In this case,
handoff delay is the sum of ': plus the
waiting time in Ch3 (denoted by W.”).
Finally, the transmission of SU1 is finished
on Ch3. The total service time (denoted by
S) is defined as the duration from the
instant of starting transmitting packets until
the instant of finishing the transmission.
Furthermore, handoff delay is defined as the
duration from the instant of pausing
transmission until the instant of resuming the
unfinished transmission.
2.2 Total Service
Problem

We formulate a Total Service Time
Minimizing Problem for spectrum handoff
as follows. Given the default channel as well
as the arrival and departure models for both
the primary and secondary customers, find
an optimal target channels sequence

Time Minimizing
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(denoted by ®*) to minimize the total

service time S. Formally,
0 = argvn;m S(0). )
3 PRP M/G/1 queueing Network

In Section 2, we formulate a total service
time minimizing problem. However, we do
not mention how to evaluate total service
time. In this section, a PRP M/G/1 queueing
network model is proposed to characterize
the spectrum usage interactions between
primary and secondary users with multiple
spectrum handoffs. Based on this model, the
total service time for various target channels
sequences can be evaluated, and then the
optimal target channels sequences can be
found. Some important properties for PRP
M/G/1 queueing network model are listed
below:

» Primary customers have the preemptive
priority to interrupt the transmission of

secondary customers.
» The interrupted secondary customer is
designed to resume the unfinished

transmission, instead of retransmitting the
whole packet.

* The interrupted secondary customer's target
channel can be different from its current
operating channel, which is a key difference
to the traditional PRP M/G/1 queueing
theory.

e The first-come-first-served (FCFS)
scheduling discipline is adopted to arrange
the channel access schedule among all
secondary customers.

Figure 2 shows an example of the PRP
M/G/1 queueing network with two channels,
in which primary customers are put into the
high-priority ~ queue, and  secondary



customers are put into the low-priority queue.

When secondary customers are interrupted
by primary customers, they can stay on the
current channel or change their operating
channels to another channel. Firstly, in the
change case, the unfinished transmission will
be put into the tail of the low-priority queue
of another channel. On the other hand, the
unfinished transmission can be inserted into
the head of the low-priority queue of the
current channel when the stay strategy is
selected. In both cases, the unfinished
transmission can be immediately resumed
when the channel becomes idle.
In this model, one of key parameters is the
effective packet length. It is the transmission
duration from the instant that packet is
transmitted or resumed until the instant that
interruption event occurs. For example, if a
secondary finishes its  packet
transmission  without interruption, the
effective packet length is the whole packet
length. On the other hand, only partial
packet can be transmitted when interruption
event occurs. In this case, the effective
packet length is the transmission duration of
this partial packet.
The notations and definitions of the variables
used in the PRP M/G/1 queueing networks
are introduced as follows.

 We assume the arrivals of primary and
secondary customers whose default channels

user

are channel K follow the Poisson processes
with rates # and 4’ | respectively.
Furthermore, their packet length
distributions are denoted by ®’® and b"(0
with means EX'1 and EX1 time slots,
respectively.

A" as the arrival rate of the
customers  with i-1

 Denote
secondary
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interruptions (iZl) at channel K .
Furthermore, these customers' effective

packet lengths are denoted by b () with

mean EX®1 time slots.
« Denote # and A" as the busy
probability resulted from primary customers
and the secondary customers with i-1
interruptions (i1 ) at channel Kk |
respectively. The total utilization factor for
channel K is represented as P Then, the
following constraint shall be satisfied.

(k) _— (k) (k)
p=p +z,lpi <1 @

where 1<k<M Hence, #* can be also
interpreted as the busy probability of channel
K . Note that »#» =4 EIX;"]
P = AVEIX{T forall i,

and

Note that the system parameters, such as

(k)
ﬂ'p

igk), b'(’k)(x), and b§k)(x)' can be

estimated by the existing models such as [5].
Hereafter, the subscript O will replace P to
represent the primary user's valuables to ease
the notations.

According to this model, we can evaluate the
total service time of secondary users for
various target channels selections. Intuitively,
based on the brute force method, we must
compare all possible permutations of target
channels sequences in order to find the
optimal solution. Let M be the total
number of channels which can be selected

for spectrum handoff and S be the number

of interruptions during the whole packet
transmission. The brute force method needs

to compare M < permutations and has the



time complexity of O(M?) .

4 Greedy Target Channel Selection

In order to reduce the complexity for solving
Total Service Time Minimizing Problem, we
suggest a sub-optimal greedy strategy for
target channels selection. Specifically, we
select the channel with shortest handoff
delay to be the target channel at each
spectrum handoff [2]. Furthermore, in the
considered spectrum handoff protocol [8],
we assume each secondary user must wait on
the selected target channel until this channel
becomes idle such as the cases of the second
and the third interruptions in Fig. 1.

The above optimization problem can be
solved by the sub-optimal greedy target
channels selection scheme with time

complexity of OM) . This can be proved

with the help of the following theorems.

Theorem 1: Let 2={12,...M} g4

Q) . .
s be the expected time spent in the

waiting queue for a secondary customer on

0
channel kK (keQ) . Assume W s

independent of the channels availabilities in
the previous tracks of target channels
sequence. When the shortest-handoff-delay
principle is adopted to select the target
channel, the size of feasible solution set of
Total Service Time Minimizing Problem is
six as shown in Fig. 3.

Proof: Assume that the secondary customer
is transmitted on channel & in the
beginning. For the first interruption, the
expected handoff delay for staying on the
current channel & equals to the busy
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period resulted from the primary users of
channel @ only. On the other hand, the
handoff delay for changing its operating

channel to channel K (keQ/{a}) is the

sum of channel switch time (denoted by tS)

plus the waiting time of secondary customers
on channel K. Hence, there are two possible
cases for target channels selection in the first
interruption. In Case 1, we have

0 VkeQ/{a}{VVS S} (3)

YD(K)

where is the busy period resulted

from the primary users of channel K. In this
case, the interrupted secondary customer
prefers staying on the current channel
because it can produce minimal expected
handoff delay. Thus, the first target channel
in the target channels sequence is channel
@ . With this decision, the interrupted
secondary
transmission when all the primary customers
are served on channel & . If the statistics of
traffic pattern on each channel are stable, (3)
holds when the interrupted secondary
customer is preempted by primary customers
again. Hence, the interrupted secondary
customer will always stay on channel &
until it is transmitted completely. On the
other hand, in Case 2,

3B#a>WP +t, <mirfl min WY +t.}Y 3.
ke {e, S}

customer can resume its

(4)
In this case, the interrupted customer prefers
changing to channel # because it can

produce minimal expected handoff delay.
Thus, the first target channel in the target
channels sequence is channel Z.

Case 2 can be further partitioned into three



subcases if the second interruption occurs.
Firstly, the handoff delays for staying on

channel # and changing to channel 7

Yo(ﬁ) WS(}’) + ts

(7% and P are and

respectively. They are similar to the situation
of the first interruption. Furthermore,

Y (@)

because s in independent of the

channels availabilities in the previous tracks
of target channels sequence, the handoff
delay for switching back to channel & is

(@)
W+, approximately. From the above

observations, there exist three possibilities in
Case 2. In Case 2-1, we have

Yo < min W +t}.
VkeQK B} (5)

This case is similar to Case 1. Hence, the
interrupted secondary customer prefers

staying on channel B thereafter until it is

transmitted successfully. Furthermore, in
Case 2-2, we have

W+t <mir min VY +t3Y7}.
ke o, (6)

In this case, the interrupted secondary
customer will switch back to channel «.
The target channels in the target channels
sequence will alternately switch between

channels B and & . In the traditional

cellular network, switching the target
channel back and forth leads to the
degradation of network performance [9].
However, in this case, it can result in shorter
total service time. Finally, in Case 2-3, we

have
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Iy #a, fW +t;<minl_min WY +t3.Y"}.
vkeQl{B,7}

(7)

In this case, the interrupted secondary
customer prefers changing to channel 7.
That is, the second target channel in the
target channels sequence is channel 7.
Similarly, Case 2-3 can be also further
partitioned according to system parameters
when the third interruption occurs. In the
third interruption, the expected handoff
delays for switching back to channels &
and 7 WS+t

approximate and

(8) .
W+t respectively. On the other hand,

the expected handoff delay for staying on the
current channel 7 and changing to channel

”)
n(n*a B and 7) are Y0 and

()
Wi HS, respectively. Hence, there exist

three possibilities in Case 2-3 as follows. In
Case 2-3-1, we have

Y” < min W+t
vkeQ/{r} (8)

In this case, the interrupted secondary
customer prefers staying on channel 7
thereafter until it is transmitted completely.
Furthermore, in Cases 2-3-2 and 2-3-3, we
have

W +t; <min{_min W +t},Y"},

vke{a,y} (9)
and
Ws(ﬁ) +t, <min{ min {\Ns(k) +ts},Y0(7)},
vkeQ{S.7} (10)

respectively. Thus, the interrupted secondary
customer switches back to channels ¢ and

B , respectively. These two subcases will

repeat the discussions in Cases 1 and 2 when



the secondary customer is interrupted again.

According to Lemma 1 in Appendix 8, there
are not any sub-cases in Case 2-3. Hence, we
conclude that there are only six permutations
for target channels sequence when the

principle of shortest handoff delay is adopted.

The six permutations are shown in Fig. 3.
Hence, the time complexity of the proposed
greedy algorithm is © @ . Once the system
parameters are given, Total Service Time
Minimizing Problem can be solved from the
only six permutations. Note that the similar
discussions can be applied on other greedy
strategies for target channels selection such
as the strategy that the channel with longest
idle period is selected firstly.

* Not only can this theorem prove the
low-complexity advantage for the proposed
greedy target channel selection approach, but
also be helpful to resolve the so-called
transmitter-receiver channel synchronization
issue in CR networks [6, 10]. That is, the
transmitter and the receiver must have a
consensus on the operating channel. Based
on this theorem, the transmitter and the
receiver only need to consider three channels
in the suboptimal sense.

5 Performance Analysis

In this section, we evaluate total service time
of secondary users. Based on the proposed
PRP M/G/1 analytical model, it will be
shown that the proposed low-complexity
greedy target channel selection scheme can
reduce the total service time compared to the
randomly selection scheme. To simplify the
analysis, we assume that each channel has
identical traffic patterns. Hence, the notation
( k) in all system parameters can be dropped.
Our goal is to derive total service time of
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secondary users in the two-channel system.
Because each channel has identical traffic
patterns, the possible permutations of target
channels sequence can be further reduced
into two cases. One is the always-change
case, i.e. case 2-2 of Fig. 3. Another one is
the “always-stay"”, i.e., case 1 of Fig. 3.
Based on the estimated total service time
provided by this analytical model, one can
decide whether the always-change strategy is
better than the always-stay strategy or vice
versa.

5.1 Total Service Time of Secondary
Customers

Let S and be the average total
service time and handoff delay of secondary
customers. Then, we have

E[D ]

S = E[X,]+EINJE[D]. (17

where EIN]
interruptions.

If the always-stay strategy (i.e., case 1 of Fig.
3) is adopted, the average handoff delay is

is the average number of

the average busy period (YO) resulted from
primary users of each channel. That is, we

have

E[S..,1= E[X.]+E[NTY,.

stay

(12)

On the other hand, if the always-change
strategy is adopted, the handoff delay is

W, +t W

s where ""s is the waiting time of

secondary users. Thus, we have

E[Schange] = E[X5]+ E[N](\NS +ts)' (13)

The unknown terms such as Yo, EINI and
W in (12) and (13) will be derived in the

following subsections.
In addition, we also consider a baseline case



that the interrupted secondary customer will
uniformly select a target channel from all
channels. Thus, it follows that

E[S andoml = E[Xs]jLﬂY0 +% W, +t,).
2 2 (14)

Based on the analytical results, a better
target channel can be decided to minimize
the total service time. Hence, the optimal
total service time (denoted by S°) can be
expressed as follows:

. {E[Sstay] !

5 = Yo W, +t
" E[S

change] ' YO ZWs+ts'

(15)

Note that if Yo =Ws* % the stay or change
decision is equivalent in terms of total
service time.

5.2 Derivation of EINI in (12) and (13)
For deriving recall that the
transmission of a secondary customer will be
interrupted if primary customers appear
during its transmission duration. Thus, the
average number of interruptions for a

EIN]

secondary packet within a period of E[X.]

can be obtained as

E[N]= 4LE[X,]. (16)

5.3 Derivation of Yo in (12)

According to the definition of utilization, we
have

Po = HE[X,]. (17)

Denote lo as the idle period of each

channel for the primary network. Because of
the memoryless property, the duration from
the termination of busy period to the arrival
of the next primary customer follows the
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exponential distribution with mean )“0.
Hence, we have
1
I, =—.
b )
Then, substituting (17) and (18) into
Po = Y
T Yot o yields
v < EIX]_ EIX,]
) .
1-py 1= AE[X]

(19)

5.4 Derivation of W in (13)

Next, let Qo be the average length of

high-priority queue and Q be the average

number of secondary customers with i-1
interruptions (iZl) waiting in the queue,
respectively.  Because the  incoming

secondary user must wait until all these Q

secondary users and the primary users have

been served, the waiting time (WS) for

secondary users in always-change case can
be expressed as
W, =R, + D> QE[X1+ AW,E[X,],
i=0

(20)

R

where s is the average residual effective

packet length. It is the remaining time to
complete service of the customer which is
serving. This customer can be the primary
customer or the secondary customer with
i-1 interruptions. Furthermore, the second
and the third terms are the accumulated
workload resulted from all customers in the
present queue and the newly arriving



primary users, respectively. According to [3],

R, = T AEIX)']

we have :
Furthermore, according to Little's formula, it
follows that
AW, , i=0
%= {AWO i1’
i""s ! = (21)
where Wo is the average waiting time of

primary customers. Hence, we have

W, = Ry +QoE[ X, ], (22)

where the first term is average residual
packet length
customers only and the second term is the

resulted from primary

total workload of primary customers in the
present high-priority queue. Similarly,

Ry = = 4,E[(X )]

since 2 according to [3],

solving (21) and (22) simultaneously yields

W, = 24 oy - AETCXG)T
2(1_:00) 2(1—,00) (23)
Last, if 4 and E[X;] can be known, one

can obtain W by solving (20) and (21)
iteratively. In the special case when the

secondary customer has an exponentially

distributed packet length, ie.,
1
= THgX Hs =
b, (x) = p.e where E[X.]  one can
P N i Y S
obtain Ao + My , Ao + M ,
2
E(X)’]1= — .
and (Aot 4)" for all 121,

Thus, the closed-form expression for W IS
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(I Y- (.50
= B[+ + E[X
D iy P

) 1_100 P

6 Numerical and Simulation Results

6.1 Simulation Setup

We use MATLAB software to simulate a
two-channel system. In each channel, two
types of customers are generated with
Poisson process. The high-priority customers
can interrupt the transmission of low-priority
customers. Furthermore, we assume the
customers with identical priority access
channel with first-come-first-served (FCFS)
scheduling discipline. Hence, each channel
is collision-free. Finally, we assume all
primary and secondary customers have the
exponentially distributed packet lengths in
our simulations.

6.2 Performance Evaluation

Figure 4 shows the total service time in the
always-stay and the always-change cases.
Based on (15), our proposed greedy
selection can intelligently operate on the best
target channel with shortest total service

time. With a lower value of ;Lp, the

interrupted customer prefers to change the

operating channel. By contrast, when A is

large, the interrupted customer prefers the
always-stay strategy. This phenomenon can
be also interpreted by the renewal theory as
follows: As % increases, the busy period Yo
increases. Thus, it is more likely that the
randomly interrupted secondary customer
will see a longer busy period. Hence, in this
case, the interrupted customer prefers
staying on the current channel. 5

Figure 5 compares the total service time of



spectrum handoff with two different target
channel selection methods: 1) the random
target channel selection and 2) the proposed

greedy target selection.  For
A, <02

channel

, it is shown that the total service
time can be shortened about 9:20%

comparing to the case of random selection.
For larger %, one can expect that the
proposed greedy target channel selection
strategy can improve total service time more

significantly.

Figure 6 shows the effect of s on the total

service time of the proposed greedy target
channel selection approach. As shown in this
figure, when #s is small, it is preferable to
make the interrupted customer prefers stay
on the same channel because the waiting
time may be longer after changing to another

channel. Thus, the decision cross-point
moves toward left-hand side as #:
decreases.

7 Conclusions

In this paper, we have investigated Total
Service Time Minimizing Problem. We
propose a preemptive resume priority (PRP)
M/G/1 queueing network model to evaluate
total service time for various target channels
sequences.  Then, suggest a
low-complexity greedy algorithm to select

we

target channels. According to the greedy
target channel selection approach, it is only
required to maintain a candidate target
channels sequence consisting of at most
three channels. Numerical results show that
a spectrum handoff scheme based on greedy
selection strategy can reduce the total service
time compared to the randomly selection
scheme.

8 The Proof of Lemma 1
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Lemma 1: Case 2-3 can only be further

partitioned into three sub-cases (sub-cases

2-3-1, 2-3-2, and 2-3-3).

Proof: Assume that there exists another

subcase in case 2-3. That is,

In=oy 1, WO+ <mifminfhV® +}Y"}.
ey (25)

. (1) (k)
Then, it follows that W "+t <W ™+t

forall K#7:7  However, from (4) in case 2,
we obtain WAt <W® st gor g
K#a,/ |t leads to a contradiction+
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Figure 1: An example of packet transmission process with three

interruptions, where ts is the channel switch time.  The whole

data packet is partitioned into four parts due to spectrum handoff.
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QoS-guaranteed Channel Selection Scheme for Cognitive Radio Networks
With Variable Channel Bandwidths
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English  Abstract

Cognitive radio (CR) network allows fast
deployment of wireless technologies to
utilize spectrum channels, all with minimal
impact on existing primary users. Another
challenge in CR networks is the spectrum
handoff issue when the primary user (PU)
appears in the spectrum band being used by
the secondary user (SU). In this paper, unlike
the existing spectrum handoff schemes
suitable for fixed channel bandwidth, we
introduce the concept of the delay bandwidth

product (DBP) to prioritize the channels with
variable bandwidths. The delay in the
proposed DBP index is defined as the
difference of the maximum tolerable delay
of the SU and the average occupation time of
the PU. Based on the DBP index for the
variable bandwidth channels, the SU selects
the optimal channel and bandwidth that can
deliver the highest throughput and guarantee
its QoS requirement. Compared with other
existing spectrum handoff schemes, the
proposed DBP-based spectrum handoff can
achieve 100% to 200% higher throughput
subject to the delay requirements for
supporting voice and web browsing services.
1 Introduction

Cognitive radio (CR) is an intelligent
adaptive opportunistic radio which can
increase spectrum efficiency by dynamically
identify the unused spectrum of the primary
user (PU), and configuring it for the
secondary user (SU). Moreover, CR
networks should decide the best spectrum
band to meet the QoS requirements [1]. To
address these goals, the spectrum mobility
protocol in CR networks should be designed
to switch SU to other available channels
when a PU appears. The efficiency of the
spectrum mobility determines both the
network throughput as well as the overall
spectrum utilization.

Spectrum mobility is a key challenge in the
design of CR networks. Intuitively, the
purpose of spectrum mobility management is
to make sure that such transitions can be as
seamless as possible so that the CR user can
perceive minimum performance degradation
during spectrum handoff. However, this task



is not easy since each time a SU changes its
operational frequency, the network protocol
may need to shift from one mode of
operation to another. Also, the CR network
protocols adapt to the channel
parameters of the operating frequency, and

must

they should be transparent to spectrum
handoff and the associated latency.

Although some spectrum mobility schemes
have been proposed, spectrum
mobility solutions may not be suitable for
the variable channel bandwidth case. Thus,
we investigate that the  variable
channel-bandwidth spectrum handoff in CR
network. To our knowledge, such adaptation

current

has been issued by Microsoft research group:
kognitiv networking over white spaces
(KNOWS) in [2, 3].  Adapting
channel-bandwidths provide unique benefits,
such as reducing power and increasing range
simultaneously, improving flow throughput,
fairness and balance load in WLANS, and
enhancing the network capacity [2].

Several existing spectrum handoff schemes
have been reported to achieve Cognitive
radio goals, such as channel sensing [4, 5, 6],
CSMA-like [7, 8, 9], channel allocation
optimization [10, 11], and cross-layer
optimization [12, 13]. The elegant option to
achieve the goal for CR is the channel
selection algorithm. Intuitively, the SU
selects the optimal decision to stay in the
same channel or switch to one of the
candidate sensed channels when the PU
appears. Through this selection process, the
SU selects the optimal service channel which
maximizes the total deliver bits [14]-[20].

The contribution of this paper is to design a
feasible channel selection scheme from the
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SU perspective that allocate variable
bandwidths to users effectively based on the
concept of delay bandwidth product (DBP).
The rest of this paper is organized as follows:
Section 2 elaborates the DBP. Section 3
introduces the system model of DBP in the
CR networks. Section 4 discusses the system
evaluation for the DBP. Section 5 presents
simulation results. Finally, the conclusion is
given in Section 6.

2 Delay Bandwidth Product

There are many situations in which it is more
important to know how long it takes to send
a message from one end of a network to the
other and back, rather than the one-way
latency. Perceptively, it is also useful to
consider the product of these two metrics,
often called the delay bandwidth product.
Intuitively, if we think of a channel between
a pair of processes as a hollow pipe where
the latency corresponds to the length of the
pipe and the bandwidth gives the diameter of
the pipe, then the delay bandwidth product
gives the volume of the pipe the number of
bits it holds [21].

In this paper, we develop a DBP-based
channel selection scheme. Refereing to Fig.
1, the total delay time (D, ) is defined as the
elapsed time until the SU can transmit its
data again. In the proposed channel selection
scheme, when the PU apperas, the SU can
stay at the current channel and wait for the
PU to leave the spectrum band. The other
option for SU is to move to other sensed

channels as shown in Fig. 1. Clearly, the
total delay D, is dependent on sensing time

in the candidate sensed channel (W;), the

handoff execution time (t, ), and the
transmission time of PU (T, ).



In the proposed spectrum handoff scheme,
suppose the SU successfully establishes a
connection. The SU will use the current
channel. If the PU appears, the SU measures
the channel priority index for the current
channel and the candidate sensed channel.
This priority index depends on the delay
bandwidth product. As a result, the SU will
be allocated with the channel that has the
highest channel priority index. The proposed
spectrum handoff scheme ensures the
optimal throughput for SU. Inherently, the
less sensing time, the longer the transmission
time. On the other hand, the higher the
channel bandwidth is, the more the delivered
bits are. Thus, it is required to compromise
between the bandwidth of the channel and
the effective delay required by the channel
itself, especially in the variable channel
bandwidth case.

3 System Model

In this paper, the CR multiuser network
consists of N variable bandwidth channels,
each with bandwidth B, (i=1,...,N). Each
of these N channels is allocated to a PU.
Assume the Current Channel (k) is defined
as the channel which is at the present
moment being used by the SU. The
Candidate Sensed Channel ( j) is defined as
the channel which is sensed by the SU.
Besides the option that the SU switches from
the current channel to one of the sensed
channels when the PU appears, we will study
the option if SU stays in the channel till PU
deactivates. Our concern is to select the
optimal channel for the SU rather than to
detect or sense the channel. Therefore, we
assume that the SU is capable of listening to
the channel and is aware that the PU
the legacy system.

transmits in For
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simplicity, we suppose each base station has
one PU. Also, we assume a slotted system in
which the user’s transmissions on the
channel are partitioned into slots.

On the other hand, every SU contends for
the available channel. However, just one
transmission is permitted at one slot. In
addition, we assume that SU performs
reliable spectrum sensing whenever needed
and there will be at least one available
candidate sense channel. Then, we will
consider that the SU switches among those
channel with variable bandwidths. As
mentioned earlier, in a cognitive radio
network, the SU performance depends on
channel selection criteria (see Section 2) and
the PUs traffic behavior inthe N channels.
Over a period of time, these N channels
can either carry traffic or be idle. In this
paper, we consider two different traffic
scenarios PU transmission. This
assumption is reasonable because we want to
the DBP performance within
various channel conditions. In the first traffic
the PU follows the Pareto
[22]. The
distribution is a simple model for many

for

measure

scenario,
distribution  model Pareto
practical applications. In addition, Pareto
distribution  belongs to the so-called
long-tailed distribution in which it has two
parameters that can be easily determined to
model different traffic models.

In the second channel traffic model, a
commonly accepted model for artificial
conversational speech/voice channel is used
in which the channel availability can be
modelled using a simple two-state Markov
chain [14, 23] as shown in Fig. 2 (a), where
the states | and B represent a channel being
available and unavailable respectively at the



current channel k. Symbols P, and P
represent respectively the probability that the
channel state stays available or busy.
(1-R) and (1-PB;) represent their
transition probability from the state of
availability to that of unavailability, and vice
versa, respectively. In other words, when the
channel is in the available state, the SU can
transmit. Otherwise, the PU can transmit as
shown in Fig. 2 (b).

4 System Evaluation

In this section, we consider the two traffic
scenarios for the PU: the Pareto distribution
model and Markov state model. According
to the channel selection decision of the SU

as shown in Fig. 1. Then, the total delay time
D, of SU i can be expressed as:

t +Wj,
D, =<T,,

if 1<j<N, j=#Kk;
J=Kk 1)

The values of T, and W, are dependent

on the traffic models as discussed in the
following.

First, we choose the Pareto distribution
model to describe the PU transmission time.
The distribution probability density function
and the distribution cumulative distribution
function for Pareto distribution [22] are
described in the following formulas:

t0="" sk @

X/1+1 !
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1- &y x>0
X

F(x) =10, otherwise 3)

where 1>0,K>0.

The Pareto distribution is characterized by a
shape parameter K and a scale parameter
A . The density f(x) is a decreasing
function of x and achieves its maximum
when x is smallest, i.e., when x=K. The
web-browsing packet transmission model
with Pareto distribution packet length has
been commonly used to assess the traffic
carriage requirements for 3G cellular
systems. According to [22], the values of K,
A are assumed to be 815 and 1.1

respectively. Moreover, W, is assumed to

be variable in the range from 1 msec to 25
msec.

Second, another widely-used traffic model
for voice conversation is the Markov state
[22]. Fig. 2(a) shows the state
transition between PU appearance and SU
availability. Let Prob(state =B)(i) be the
state probability that the channel i is busy
for sending PU's traffic. Assume that the SU
probability  transmission on  different
channels are identical. We know that the P,

model

represents the transition probability for the
channel to be busy. Then, the probability
[T, (1) = Prob(state =B)(i) can be
expressed as:

()= ps(1-ps) (4

In this paper, we assume the SU spends T,

S

slots for sensing the available channel. Also,
the SU maximum channel sensing tolerant



number of slot is Ty, - NOtice that T, is
dependent on the IT; (i), we can express the
mean of T, as:

EM1=YLPT, =L (5)

The probability of T, being equal to L
slots can be expressed as:

P(T, = L) = (I (i)) " (1T, (). (6)

Besides, the probability of T, to be less
than Tienoq  SIOtS is equal to

TThreshold

P(Ts <-I-Threshold) = z P(Ts = L) (7)

L=1
Then, the average sensing time of a SU W,

can be written by:

Wi = EI.TS < TThreshoId] (8)

TThreshold

= > LP(T =L). (9

L=1

Similarly, the T, can be calculated.
We also provide control parameter for the
DBP priority index which builds on top of
existing techniques for adapting channel
conditions. The operation of this control
parameter (C,) is illustrated in Fig. 3. The
main idea is to increase or decrease the DBP
index according to the channel conditions
and the channel bandwidth ratio in reference
to other channels' bandwidth.

In Fig. 3, C, is used to track the fast
variations of the channels caused by fading
and mobility, and also, it is used to track the
differences date rate between the different
channels. The value of C, starts from one
for all the channels and updates as the PU
appears in the channel i. This will help SU
to improve throughput. It is assumed that the
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successful transmission probability is P,
which is defined as the percentage of
successful completed transmitted slots to the
total transmitted slot in the channel i. The
short term updates of instant data rate (R;)

of channel i can be expressed as:

R(l-«a), Iif P <038;
i~ . (10)
R(l+«a), if P >009.
where i=1,2,...N . « is the rate

smoothing parameter, and « is equal to
0.001. If the channel i has P higher 0.9,

1
which means the successful transmission
rate is high, the value of instant data rate (R;)

will increase. But if it is less than 0.8, the

channel condition is bad and we choose to
decrease the instant data rate (R;) value.

Herein, the long term updating is made every
50 time slots, the long term updating of C,

is adjusted according to the difference
between the ratio of the updated instant rate

R, to the target rate (R") in the current
channel k to the ratio f the updated instant

rate R; to the target rate (R") in the sensed

channels ] Therefore, the C;, is
performed according to the following rule:
G-aC iR -3 NS
_ R NIZF R
+ f[=— ) N=]>
GG I N,Z =i

& is the threshold limit. The value of ¢
is assumed to be 0.001. The AC is the step
parameter which is fixed at 0.01. The values
of both ¢ and AC are designed parameter
which are chosen to achieve accurate

channel measurement, where the choice of
AC decide the C, adjustment for channel



i. Also, B, is the average bandwidth of
channel i. T, is the maximum delay

allowed of SU. In addition, the priority index
differs according to predetermined average

time (T,

avg

). It is statical time that SU spend

to switch for other channel. Now, the priority
index 7, can be expressed as:

(Tmax_Di)Bi’
17 =1Ci (T — D) B,

if D, <T

avg !’

otherwise; (12)

max

where i=1,2,...,N.

The priority index represents the DBP-based
scheme, where (T,,—D;) part of this
equation represents the maximum allowable

time for SU to transmit, while the second
part represents the B, of SU. The priority

max

index increases as much as the DBP
increases. It can be said the priority index

represents the maximum capacity of channel
i. Moreover, If the D, is larger than the

T the weight of SU will be increased by

the control parameter C,. The C, ensures
the channel with higher bandwidth as well
higher successful transmission probability to
have higher weight.

Now the channel selection in the time when
PU appears is defined according to:

Channel, = max{n,}  (13)

then

k = Channel.. (14)
Finally, we calculate the performance of this
proposed DBP-based scheme to determine
whether it meets the required service and
reliability objectives. Now consider the
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impact of DBP allocation scheme on the
delivered information bits during a given

period of time. It is assumed that the
successful transmission slot is ts; . Also,

to 1S the total transmission time which is
given by:

(15)

N N
ol = ztsi +ZDi'
i=1 i=1
Thus, the Effective Data Rate r_, for SU is

given by:

Reff == '

. (16)

total

5 Simulation Results

In this section we show in a CR network
with variable bandwidth channels the
effective data rate of SU. The transmissions
of both PU and SU are partitioned into slots.
The PU adopts the connection-oriented
MAC protocol in which the user will
establish a connection to transmit data
according to the information broadcasted by
the base station.

We consider the situation where the SU
switches among variable bandwidth channels
range between 2Mbps to 54 Mbps. Moreover,
the SU overhears the broadcasted message to
synchronize the timing with the legacy
system and acquire the schedule in order to
avoid interfering with the PU transmissions.
Here, we assume that the slot time, frame
error rate, radio sensing time, handoff

execution time t, are 10 usec, 107:107",

25 msec, and 1 msec : 100
m sec respectively.

In the numerical results, we refer to the DBP

1 msec :



using the control parameter C, as adaptive
delay bandwidth product (ADBP) scheme,
and the direct switch scheme as the
traditional behavior of the SU when the PU
appears, which is to switch to another
channel directly. We compare them with the
stochastic channel selection (SCS) algorithm
[15]. One can see that SCS scheme does not
achieve effective data rate as well as the
ADBP does nor direct switching scheme,
because the main goal of the SCS is to
converge SU to maintain the chosen channel
with the highest successful probability.
Nevertheless, the channel with the highest
successful probability may be not efficient
for the SU to achieve better performance,
especially if we use the SCS within variable
channel bandwidth case. Moreover, the SCS
scheme may not perform well when user
mobility speeds is high, or the channel
behavior has fast fading. Thus, in our
simulation, we consider the users with
random walk mobility in a time-varying
channel.

As we can expect, if the Pareto distribution
model is used, the effective secondary user

data rate increases as W, decreases. The

ADBP scheme performs quite well as W,

increases, compare to other schemes. Fig. 4

illustrates the impact of w, where the

probability of PU appearance in any time
slot takes the value of 0.3. It shows that the
adaptive channel allocation scheme performs
well under the condition of a busy channel in
respect to the Direct Switch scheme up to
200%. It is clear that the ADBP can ensure
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the SU throughput even if W, increases

because it can adapt to the channel condition
as well as it ensures that the channel with
higher bandwidth has more transmission
time for the SUs.

In Markov state model, the effective SU data
rate increases and W, decreases. The ADBP

scheme performs quite well as W, increases
compares with other schemes. Fig. 5
illustrate the impact of W, when the
probability of which the channel state is
busy P, takes the value of 0.3. The ADBP
outperforms other schemes up to 100%. It is
obvious that the DBP-based scheme
performs well under different channel
models. We conclude that the total effective
data rate will be maximized as long as we
stay over the channel with the highest DBP
index.

6 Conclusions

In this work, delay bandwidth product-based
channel selection scheme helps to select the
optimal channels for the secondary user in a
CR network with variable bandwidth
with  totally random
exponential traffic patterns, the effective
data rate in the DBP-based channel selection
scheme is higher than that in direct switch or
stochastic channel selection (SCS) schemes.
Numerical results give evidence of the
desired behaviors of our proposed algorithm
and also demonstrate that the algorithm can
deliver a higher throughput subject to the
delay requirements for supporting voice and
web browsing services.
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