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Abstract—This letter investigates the performance of a cogni-
tive radio transceiver that can opportunistically use the available
channel. We propose and compare two different opportunistic
channel access schemes. The first scheme applies when the
secondary user (SU) has access to only one channel. The second
scheme is based on switching between available channels and
applies when the SU has access to multiple channels but can
at a given time monitor and access only one channel. For these
proposed access schemes, we derive analytical expressions of the
novel metrics of the average access duration and the average
waiting time for a general primary user traffic model. Based on
these two metrics a time-average secondary access throughput
formula is presented to predict the performance of the SU.

I. INTRODUCTION

Cognitive radio has been shown to be one of the potential
solutions to radio spectrum resource scarcity [1]. The oppor-
tunistic spectrum access (OSA) techniques can achieve high
spectrum efficiency and quality of service [2]-[5].

In OSA, one of the important issue is the modeling of the
behavior of the PU. The PUs activity is modeled as a Markov
chain with two states: “busy” and “idle” which have an associ-
ated random variable (RV) describing the amount of time spent
by the PU in each state. In the case of light tailed (LT) traffic,
the PU activity can be modeled by exponential distribution.
This model is not always realistic, but some experimental
studies have shown that it can be a reasonable approximation
of the PU behavior in some systems such as the IEEE 802.11
Wireless LAN and 2G voice-oriented cellular systems for
various traffic models [6]. Besides, empirical measurements
showed in the case of data-oriented communication systems
such as 3G cellular networks, MPEG video streams and the
Internet servers traffic [7], heavy tailed (HT) traffic needs to
be considered and their activities can be modeled by slowly
decreasing distribution such as Pareto distribution [8].

In this paper, we propose two decentralized OSA schemes.
The first one applies when the SU has access to only one
channel. Thus, the SU will periodically sense the channel
and access it once the PU is sensed to be OFF. The SU
during transmission will sense continuously the used channel
to avoid interference with PU and immediately evacuate the
band as soon as the corresponding PU appears. The second
proposed OSA scheme applies when the SU is able to access
multiple channels but can use and sense only one channel at
a time. In this case, the studied access schemes are based on
two different switching schemes. The first switching scheme
is the switch and examine channel access scheme (SEC),
where, once the PU appears, the SU switches sequentially to
the next channel and keeps switching until it find an unused

channel. The second switching scheme is the switch and stay
channel access scheme (SSC), in which the SU, when the
PU is ON on a channel, will switch to the next channel
and transmit if it is free or wait until it will be free. In
this work, we introduce two novel performance metrics for
SU transmission, namely average waiting duration and the
average service time, which measures how much time the
SU needs to wait to transmit and for how long the SU can
transmit on average, respectively. We analyze the proposed
OSA schemes by deriving analytical expressions of average
waiting duration and average service time under different PU
traffic models. These metrics are then applied to evaluate
the average throughput of the secondary access. With these
novel performance metrics and their accurate mathematical
characterization, the type of application the secondary system
can support can be predicted for different PU traffic pattern.

II. SYSTEM MODEL

It is assumed that a PU system has L parallel channels
available for transmission. A cognitive SU will try to access
one of the available channels opportunistically. We assume
that the occupancy of each channel by the PU system evolves
independently according to a homogeneous continuous-time
Markov chain with idle (OFF) and busy (ON) states, with
the notion that the PU traffic is not slotted. We denote the
duration of the ON and OFF period of the PU by T2 and
Tff 7> Tespectively. The SU transmitter, is assumed to always
have data to send, to have unslotted traffic protocol and to have
the ability to sense and access only one channel at a time. Also,
we assume that, when the SU is using an idle channel, it will
sense continuously that channel and stop accessing it when
the PU becomes ON. Thus, the proposed OSA scheme causes
no interference to the PU system. We assume in this work
that the channel sensing is perfect and the channel sensing
results at the transmitter and receiver are the same. In this
scenario, the receiver will expect to receive the signal from the
transmitter when it senses the channel is free. The transmitted
signal from secondary transmitter has some preambles known
to the receiver to facilitate the synchronization for detection.

III. PERFORMANCE ANALYSIS
A. Single Channel Access

In this subsection, we assume that the SU has access to
only one channel. When the PU is sensed to be ON, the SU
will periodically sense the channel every period of 7. Once
the SU finds that the PU is OFF, it starts transmitting while
sensing the PU activity continuously.



1) Case of General PU Traffic:
a) Average SU Service Time: We denote by T and
T;¢s the duration of the ON and OFF periods for the SU,
respectively. , as shown in the block diagram in Fig. 1. During
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Fig. 1. Block diagram
the ON period of the PU, the SU performs a periodic sensing
with period Ts. Thus the OFF duration of the SU can be
expressed as ij = N Ts, where N is a RV that represents
the number of the sensing periods before the SU switch to ON
state. It is clear that T%, + Tfff =15, + 1, Thus, the ON
duration of the SU can then be expressed as T, = Tff FT
where 7 = NTs — TP represents the time duration when the
PU is OFF and the SU is not transmitting, 7 € [0, T§].
Conditioning on N, T? | N is between (N —1)T,s and NT.
Thus, knowing the distribution of 7% , the PDF of the RV
TP |N is a truncated PDF. For a general PU activity model,
let Frrr (.) be the cumulative distribution function (CDF) of
TP , the PDF of T? conditioned on N is given, when N7 <

on?

t < (N —1)T;, by

_ frz,(t)
Fro, (NT;) — FTé’n((N - 1Ty) .

Jre, N (t) (1)

Using this result, we can express the PDF of 7 knowing N as

_ ng’n (NTS - t)
FTé’n (NTS) - FTé’n((N - 1)T8)

frin(t) L 0<t<T,.
(2

The probability mass function (PMF) of N can be expressed
as a function of the CDF of T7%  as

P,=Pr{N=n}=Pr{(n—1)T, <TE <nTy}

3)
= Fry, (nTs) = Frg, ((n — 1)T%).
Having P, and f;n(.), it follows that
+oo
Fr (&)= frn.(nTo—1), 0<t < T )

n=1

Using the preceding results, the average SU service duration,
for general PU traffic model, becomes

foo LT,
T = BTY, - /0 e
n=1
+oo

=E[TY,;] + E[TL,J-> nT, (Frs, (nTs) — FPrp, (n — 1)Ty))
n=1 (5)

where E/[.] is the expected value operator.

b) Average Waiting Time: The SU waiting time, denoted
by §, can be given for the case of one channel access, by
0 = NT;. Using the PMF of N in (3), it can be written that

5= nT, [Frp (nT,) — Py ((n—DT)].  (6)
n=1

2) Application to LT Traffic: Generally speaking, a RV is
LT if its distribution decrease exponentially or faster such
as exponential, Gamma, and Weibull with shape parameter
larger than one [8]. An example of LT traffic is the Poisson
traffic where the duration of the ON and OFF period are

exponentially distributed and their PDFs are given by

Frz,(0) = 57 VO fry, (0 = 5 U@L )
where )\ and p represent the average duration of the ON period
and the OFF period, respectively, and U(.) is the unit step
function. Based on the results in the previous subsection for
general PU traffic and using the statistics of the PU activity
given in (7), the average SU access duration can be obtained
as TS, = pu+ X — TS&. In the case of Poisson PU

1l—e™ X
traffic, the PMF of N deeﬁned in (3) can be expressed as
P, = (D% (1 — e’%) Thus 0 is given by

T,
= ®)

1—e

5:

It can be seen that when T, — oo, which means that

the SU continuously senses the channel, ; Tj = — A So
e R

TS, is approaching p and the waiting time for the SU is

approaching A, as expected, because in this case the SU will

begin transmitting exactly when the PU finish and will finish

exactly when the PU begin transmitting.

3) Application to HT Traffic: Generally speaking, a RV
is HT if its distribution decrease slower than exponentially.
Some typical examples are Pareto, log-normal, and Weibull
with shape parameter larger than one [8]. The heavy tailed
PU traffic has different behavior compared to the LT traffic.
Specifically, the HT PU busy state can have infinite mean and
variance which can considerably degrade the SU performance
and reduce significantly the network throughput by increasing
the waiting time of the SU.

In this paper, we take, as an example of the HT traffic, the
exponential distribution for the OFF duration of the PU with
mean . and Pareto distribution for the ON duration of the PU
with shape parameter o > 1 and scale parameter z,, > 0.




Thus, the distribution of the ON and OFF duration of the PU
activity are given by
axy 1 =

g, (@)=t Ule = 2 fry, (0)= 07 F U@ ©)

Using the distributions given in (9) and knowing that
E[T}] = %%, > 1 and E[T];;] = p, we can get the
average service and waiting duration of the SU defined for
general PU traffic model in (5) and (6), respectively, and
express them, when noTs < z,, < (ng + 1)T5, as

ALy, S o
Tjn:HrFa ] — 5, 5:(710 + 1)TS+FC(04, ng + 1), (10)

where ((s,q) is the Hurwitz zeta function.

B. Multi-Channel Access Based on SEC Scheme

In this section, we assume that the SU can access any one
of all the available channels. If the sensed channel is idle,
the SU will use it and sense it continuously until the PU is
present. Once the PU is present in the channel, the SU will
switch to the next channel. We will assume that when the SU
switches to a new channel, the switching duration is a part of
the sensing duration T,

1) Case of General PU Traffic:

a) Average SU Service Time: The service time for the
SU, for the considered scheme, can be given by 75, = TO T
W —T,, where W is a uniform RV defined on the interval

0,T%;; — T}] and its PDF is given by
1
Fr(t) = s (U(t) ~U(t- T, + Tp)) .an
The average SU transmission time can be given by
T3, = EIT2,,) / BT b, 0T,

_ ; (Pt - 1)

b) Average Waiting Time: Given the channel and sensing
time 7}, the waiting time is a multiple of 7}, and can be given
by 6 = N T, where N is a RV that represents the number
of channels that the SU has to examine before finding a free
channel. The discrete RV N can be modeled by a Bernoulli

RV with probability p = W Therefore, the PMF
of N is
—n

P, = E[T?, | E[TZ,)" (E[ ]+ E| Off]) (13)
Finally, we can calculate and express 0 as

o= T,

0= nTy Pu= grp (BTG + EITGD). - (4

n=1 of f

2) Application to LT Traffic: For a LT PU traffic, the
average SU service time is given by 775, = 2 (1 —T,), and
the average waiting duration, given in (14) for general case,
is expressed as 0 = %(/\ + ).

3) Application to HT Traffic: For the SEC scheme when
considering a HT traffic, the average service duration of the
SU is the same as in the case of the LT case and is given by
T5, =4 (u—"T,). Using (14),we can get the SU waiting time
and express it as § = (u + Qm ),

C. Multi-Channel Access Based on SSC Scheme

In this section, we assume that the SU has access to all
the available channels and sense the channels sequentially. If
the sensed channel is idle, the SU transmits and senses the
channel continuously until the PU is present. Once the PU is
present in the channel, the SU switches to the next channel. If
the next channel is available, the SU can transmit. Otherwise,
it stays on that channel and wait until it becomes free. During
the waiting time, the SU senses periodically (every T) the PU
activity. In this part, we denote by 7}, and T the duration of
sensing and the period of sensing, respectively. Note that the
switching duration is assumed to be negligible and the waiting
is exactly the same as the case of single channel access given
for general PU traffic in (6) and given for LT and HT traffics
in (8) and (10), respectively. In the next subsection we will
focus only on the SU service duration.

1) Case of General PU Traffic: To calculate the average
service time for this switching scheme, we need to consider
two cases, which are i) the case when the SU switches to
another channel and find it idle. We denote the service duration
in this case by 7. ii) the case when the switch to channel
is found to be busy. We denote the service duration in this
case by T5. The service time is in these cases is given by
T2, = piT1 + p2T», where p; and py are the probability to
find the cga:rpmel idle and busy, respectively, and are given by

P
pL= [4O,L][+E[TP 7 and p2 = g .

When the switch to channel is found o be idle, the SU
waits for T}, duration to switch and to sense the channel
and then transmit. Thus in this case knowing that we found
the switch to channel idle, the average service time will be
exactly the same as of the case of SEC scheme, given by
T =1 (E[Tff A= Tp). When the switch-to channel is found
to be busy, the SU will stay in that channel and wait until the
channel becomes free. During the waiting time, the SU will
sense the channel periodically every 7. Thus the service time
in this case is the same as in one channel case as given in (5)

2) Application to LT Traffic: For Poisson PU traffic, using
the general formulations in the previous part, the average SU
service duration can be given by

= 1 - T 1 T
VY et ) < T>.
2 p+A LHEAN\L e
3) Application to HT Traffic: For HT traffic, the average
SU service time can be written as
arm  lpla-1(u-T,)
-1 2 az,+ula-—1)

5)

AT,
axm + pla—1)

x()ﬂ
(no +1)Ts + TT"_llC(oz,no + 1)] )

=5
Ton*

(16)



D. Time-Average Secondary Access Throughput

In this part, we present a performance metric, namely
time-average secondary access throughput, based on the two
previously proposed metrics, average service time and average
waiting time. The average channel throughput for the consid-
ered access scheme is given by

T— Ton_

o+ Ts,

where ~ is the signal-to-noise ratio of the SU, p,(v) is the

PDF of the received SNR of the SU, and 7%, and § are defined
above for different schemes and traffic models.

/ logy (1 4+ 7)p~(7)d, (17
0

IV. NUMERICAL RESULTS AND DISCUSSIONS

Fig. 2, shows the average service duration of the SU for the
different studied access schemes and for the LT traffic model
as a function of the average OFF duration of the PU p. It is
clear that as p increases the service duration for the SU and for
all the considered schemes increases and this is because the
OFF period of the PU will be longer. On the other hand, it can
be seen that the one channel access scheme have better service
duration compared to switching based schemes. Fig. 3, shows
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5 T T T
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Fig. 2. Average SU service duration for the different proposed schemes and
for LT traffic model.

the average waiting time of the SU for the different studied
access schemes and for the HT traffic model as a function of
Zy,. It is clear that as x,, increases the SU waiting duration
for all the considered schemes increases and this is because
the ON period of the PU will be longer. On the other hand,
the trade of between the access and waiting durations can be
seen from both the figures, since the schemes presenting the
highest access duration have also the highest waiting duration.
Besides, the advantage of using the SEC scheme is clear as it
can reduce the waiting time substantially.

V. CONCLUSION

This paper has investigated different single channel and
multiple channels OSA schemes. The multiple channels access
schemes are based on two different switching strategy namely
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Fig. 3. Average SU waiting duration for the different proposed schemes and
for HT traffic model.

the SEC and SSC. The average waiting and service time for
SU are presented and derived for the proposed schemes and
for general PU traffic model to predict the performance of the
SU. Then, these metrics are obtained in closed-form for two
different applications of PU traffic model which are the HT
and LT traffics. Through the results, the performance of each
access scheme has been thoroughly studied. Numerical results
showed that single channel access scheme presents the highest
average service time, however the SEC scheme presents the
lowest waiting duration for the considered sensing strategy.
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