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Abstract—This paper studies the service time required to
transmit a packet in an opportunistic spectrum access scenario,
where an unlicensed secondary user (SU) transmits a packet using
the radio spectrum licensed to a primary user (PU). Considering
a cognitive radio network, it is assumed that during the trans-
mission period of an SU multiple interruptions from PUs may
occur, increasing the time needed to transmit a packet. Assuming
that the SU’s packet length follows a geometric distribution,
we start by deriving the probability of an SU transmitting its
packet when k > 0 periods of PU’s inactivity are observed. As
the main contribution of this paper, we derive the characteristic
function of the service time, which is further used to approximate
its distribution in a real-time estimation process. The proposed
methodology is independent of the SUs’ traffic condition, i.e.,
both saturated or non-saturated SU’s traffic regime is assumed.
QOur analysis provides a lower bound for the service time of
the SUs, which is useful to determine the maximum through-
put achievable by the secondary network. Simulation results are
used to validate the analysis, which confirm the accuracy of the
proposed methodology.

Index Terms—Service time, cognitive radio networks, queueing
analysis, performance evaluation and modeling.

I. INTRODUCTION

OGNITIVE radio networks (CRNs) are an effective
Csolution to alleviate the increasing demand for radio
spectrum [1], [2]. In CRNs, the transmission channel is
licensed to the primary users (PUs) while secondary users
(SUs) opportunistically access the licensed channel when it
is not being used by any PU. Accordingly, a SU needs to
detect a vacant channel for transmission, and vacates it when
a PU starts to use the channel. A SU should operate trans-
parently to the PUs and avoid causing interference to PUs
acting as receivers. This fact implies that a SU transmission
must be interrupted whenever a PU starts transmitting [3].
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Consequently, the amount of time that a SU needs to trans-
mit a packet depends on the number and duration of the PUs’
transmissions. This work focuses on the interval of time from
the instant when a packet arrives at the head of the SU trans-
mitting queue, until the instant when its transmission ends,
which is denoted hereafter as packet service time or simply
service time.

The service interruption of SUs due to PUs may signif-
icantly degrade its performance. Multiple mechanisms have
already been proposed in the literature to reduce its impact.
Among the most relevant ones we can include spectrum hand-
off [4]-17], i.e., the possibility of switching the interrupted
service to an idle channel, buffering [8], to account for the
duration of the interruptions and avoid packet loss, or both
spectrum handoff and buffering [9], [10]. Depending on the
number of data channels available for transmission, a SU may
handoff to a different wireless transmission channel after a PU
interruption [11], [12], or remain in the same channel and wait
for the PU to vacate the channel [8].

A. Related Literature

A few works have already characterized the service time
considering that no spectrum handoff occurs during the trans-
mission of a SU’s packet. Specifically, the average packet
service time is studied in [13] and [14] under different preemp-
tive priority queueing models such as M/D/1 and M/G/1 [15].
Nevertheless, neither of these works examine the role of the
size of the SU’s and PU’s packets, nor the impact of different
PU’s activity rates on the average service time. Tran et al. [16]
consider a preemptive M/G/1 priority queueing system to eval-
uate the average service time when the spectrum is sensed in
a discrete and in a continuous way, showing that the aver-
age service time of the packets transmitted by a SU not
only depends on the arrival rate and size of SU’s packets
but also on the arrival rate and size of the PU’s packets.
Reference [17] considers a priority virtual queue to model the
joint coexistence of PU and SU traffic. Based on the model,
the authors obtain an expression for the expected packet ser-
vice time of SU’s traffic through a M/G/1 preemptive priority
queueing model. In [18] the service response time, defined as
the duration from the instant that a SU requests a data file
from the central controller until it completes the reception, is
analyzed for a single channel CRN with centralized control.
Reference [18] is extended in [19], where different mathe-
matical expressions for the average service response time of
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elastic data (i.e., variable file-length). By assuming that the
PU activity follows an ON-OFF behavior, [18], [19] demon-
strate that the preemption reduces the mean response time
when the service time requirement follows a heavy tailed
distribution.

Reference [20] and [21] assume both scenarios where the
SUs may handoff to different wireless channels or may operate
in a single channel without handoff. Li and Han [20] pro-
pose a simplified model of primary user interruptions based
on a Markov chain analysis, being the queueing analysis
carried out for the cases of two-server-single-queue (two chan-
nels and one SU) and two-queues-single-server (two SUs and
one channel). In the former scenario a semi-analytic result
is obtained for the generating function of the queue length,
while in the latter case the authors derive an expression for
the average queue length. The work in [21] characterizes the
average service time and average waiting time of a SU’s
transmission assuming a general primary traffic model and
considering three scenarios: i) single-channel, ii) multi-channel
considering that once a PU becomes active the SU switches
sequentially to the next channel and keeps switching until it
finds an unused channel, and iii) multi-channel considering
that when a PU becomes active, a SU using the same channel
switches and stays on the next channel and transmits if it is
free or waits until it becomes free. Numerical results show that
the single channel access scheme presents the largest average
service time.

More recently, [22] derived expressions for the distribution
of the packet service time considering fixed-length SU packets,
and continuous and periodic sensing strategies. No spectrum
handoff is assumed. As far as we know [22] is the only work
where an expression for the distribution of the service time
is derived. However, its contribution is only valid for fixed-
length SU’s data packets. Moreover, the authors only consider
the case when SUs are traffic-saturated, and consequently only
consider the case when the transmission of the SU starts at the
beginning of the PU’s inactive period.

B. Novel Contributions

Mainly focused on practical applications adopting non-
preemptive scheduling techniques, in this work we propose
an innovative packet service time analysis of opportunistic
access in a CRN. The analysis can be used in both single
or multi-channel protocols that consider an exclusive use of
the channel by a SU to transmit its packet, and no spectrum
handoff is performed during the packet transmission.

Departing from the work in [23], which confirms that the PU
activity may be represented by a geometric distribution when
small periods of PU’s inactivity are observed, we describe sev-
eral steps required to derive the expressions for the distribution
of the SU’s service time considering PU interruptions. We start
by deriving an expression for the probability of a SU trans-
mitting its packet when k > O periods of PU’s inactivity are
observed. Then, we extend the previous analysis and derive
the characteristic function of the service time, which in turn
is used to approximate the distribution of the service time that
supports a real-time service time estimation process.

In a nutshell, the main contributions of our work can be
summarized as follows:

o« We derive the service time characteristic function, which
is valid for a general scenario. Contrarily to [22], we con-
sider that: a SU may start its transmission at any instant
of the PU’s inactive period; the packet length of the SU
is variable; both SU’s saturated and non-saturated traffic
conditions;

« An approximation for the distribution of the service time
is proposed, which uses the characteristic function to
estimate the parameters of the distribution through the
method of moments;

o« We provide numerical results obtained with the pro-
posed model, which are compared with simulation results.
The accuracy of the proposed methodology is evalu-
ated and different results are presented for: the average
service time; the distribution of the service time; the aver-
age packet waiting time in the transmission queue; the
average number of packets waiting in the transmission
queue;

o« We assess the accuracy of the average service time
obtained in a real-time estimation process, evaluating the
accuracy of the estimation for different lengths of the
estimation sampling set.

When compared to the works already cited before, our
approach also provides high-order statistics of the service time
due to the Characteristic Function modeling. This is partic-
ularly advantageous in multiple network modeling scenarios
where queueing theory tools must be used. Moreover, since the
throughput is represented by the inverse of the service time, the
proposed analysis provides an upper bound of the throughput
when a single SU transmits, which represents the maximum
throughput achievable by the Secondary network. This is an
important contribution because we may compare this bound
with the throughput obtained with practical cognitive Medium
Access Control (MAC) schemes to quantify their efficiency
in a relative way (quantifying how far the MAC’s throughput
is from the upper bound proposed in our work). Additionally,
as far as we know, this is the first work presenting a generic
model-based solution to estimate the service time. The esti-
mation of the service time (as proposed in the paper) can be
used in different channels to evaluate their relative occupation
by the PUs, which may also be used by the MAC protocols
to optimize the channel assignment process or simply rank
their availability. But the comparative advantages of our work
are not limited to the aforementioned arguments. Because our
analysis relies on a discrete time unit and the duration of the
packets transmitted by the SUs are multiples of that time unit,
our approach is general enough to analyze different practical
scenarios, including:

o the case where the frames (at layer 2) of the SUs are
transmitted in a single PU OFF period. In this case the
discrete time unit adopted in the model must be equal or
greater than the duration of the longest SU frame;

o the case where a variable-length file is transmitted by a
SU, and the transmission may be spanned by multiple PU
OFF periods. In this case the discrete time unit adopted
in the model must represent the duration of a SU’s frame,
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while the model’s packet duration represents the duration
of the file.
Consequently, the generic nature of the proposed model may
be explored to characterize different scenarios, which brings
additional advantages when compared to the related literature.
The rest of the paper is organized as follows. The system’s
overview is presented in Section II. The characteristic func-
tion of the service time is derived in Section III. Section IV
proposes an expression for the probability mass function of
the service time. In Section V we assess the accuracy of the
proposed methodology by comparing the numerical results
obtained with the model with several results obtained by
simulation. Finally, conclusions are drawn in Section VI.

II. SYSTEM OVERVIEW

This work considers the case where one pair of licensed
PUs (sender and receiver) is operating in a wireless channel
and one pair of SUs (sender and receiver) may use the same
channel in an opportunistic way.

The PU transmitter has an ON-OFF behavior, meaning that
it is active (i.e., transmitting) during pp time units in aver-
age, and inactive (not using the channel) during p; time
units. Hereafter we adopt the terminology active/ON and inac-
tive/OFF PU’s periods to denote the amount of time that a PU
is ON or OFF, respectively. The PU’s activity is modeled by
two random processes. The first one models the duration of
the active period, represented by the random variable (r.v.) B,
and the second one models the duration of the inactive period,
represented by the r.v. /. Following the results in [23] obtained
with real traces of cellular users, both durations are sampled
from geometric distributions with parameters pp = 1/up and
pr = 1/ug, respectively. The probabilities of a PU staying
OFF and ON are respectively given by P}U = /(s + up)
and P8, = up/(u1 + 118).

As stated before, the SU transmitter may use the chan-
nel whenever it is not being used by the licensed users. For
this purpose we assume that the SUs are able to identify
the access opportunities through spectrum sensing [24]-[27].
Perfect spectrum sensing is assumed in this work, i.e., we
assume that the probabilities of PUs’ detection and false alarm
are 1 and 0, respectively.

For time accounting purposes, we consider a constant time
duration denoted as a time unit, and the discrete index k = x is
used to indicate the x-th time unit. A SU’s packet of length ¢,
requires one or more w7 time units of PU’s inactivity in order
to be completely transmitted. However, the proposed analy-
sis may be easily extended for different transmission rates, or
even for scenarios where a fixed amount of the discrete time
unit is used by the SUs for spectrum sensing. When a SU is
able to transmit a packet using only one PU OFF period, the
packet service time is exactly py time units. For example, fol-
lowing the hypothetical sequence of PU ON and OFF periods
illustrated in Figure 1, this occurs when a SU starts the trans-
mission of a packet of length 2 in the first time unit of the first
PU OFF period. However, when the length of the SU’s packet
is higher than the PU OFF period, a SU will have to interrupt
the packet’s transmission, and resumes it in the following PU

PU ON Period PU OFF Period PU ON Period

—— e ——
1° SU’s Transmission 2" SU’s Transmission
Opportunity Opportunity

PU OFF Period

Fig. 1. Hypothetical sequence of PU OFF and ON periods.

OFF period. This case may occur when a packet of length of
4 starts to be transmitted in the second time unit (k = 2) of
the first PU OFF period illustrated in Figure 1. In this case the
packet service time will not only depend on the size of the
packet’s length, but also on the length of the PU ON and OFF
periods.

We highlight that the parametrization of the packet length
may represent different practical scenarios. If we consider that
the time unit represents the duration of the SU’s frame, and if
the model’s packet length py is exactly one time unit (deter-
ministically), the model’s packet transmission only takes one
PU OFF period. This case represents a traditional scenario of
the SU’s service time associated to the SU’s frame transmis-
sion at layer 2. However, if the model’s packet length w is
greater then one time unit, the transmission of the model’s
packet may be spanned by multiple PU OFF periods. This
case may represent the SU’s service time to transmit a file, as
described in Section I.

Since a SU must know the availability of the channel before
starting a transmission, we assume that the spectrum sensing
information is available in the beginning of the time unit k
illustrated in Figure 1. By considering a discrete time analysis,
our approach assumes periodic sensing condition: a spectrum
sensing procedure takes place on each time unit. In the analysis
it is assumed that the SU’s time frame lasts at least a time unit,
meaning that we neglect the sensing duration. However, the
proposed analysis is also applicable for a non-null spectrum
sensing duration, by subtracting the sensing time from the time
unit. We highlight that the proposed model is generic enough
to accommodate different practical scenarios depending on the
parameterization of the time unit.

III. SERVICE TIME CHARACTERISTIC FUNCTION

This section characterizes the service time of a packet trans-
mitted by a SU. The proposed analysis starts by characterizing
the number of PU OFF periods that a SU needs to transmit
a packet, taking into account the length of the packet as well
as the duration of the ON and OFF PU’s periods. Then, we
derive an expression for the characteristic function (CF) of the
packet service time, as well as the first- and the second-order
moments, which will be used to approximate the distribution
of the packet service time.

A. Service Interruptions

Let us start by deriving the number of PU OFF periods that
a SU needs to transmit a packet, which is represented by the
I.V. Iperioas- The data packet duration generated by the SU is
represented by the r.v. L and, similarly to the PU OFF and ON



LUIS er al.: CHARACTERIZATION OF THE OPPORTUNISTIC SERVICE TIME IN CRNs 291

period durations, we consider that it follows a geometric dis-
tribution with parameter p;, = 1/, meaning that the average
packet duration is p;, time units.

Assuming that a SU starts its transmission in the first time
unit of the PU OFF period (k = 1 in Figure 1), the SU will
be able to transmit the entire data packet in a single PU OFF
period if the duration of the period (/) is longer or equal to
the duration of the data packet, i.e.,

Pr{lperiods = 1} = Pr{l > L}. (D

Since I and L are independent r.v., the probability of I — L
can be found using the cross-correlation between the two r.v.
as follows
+o0
Prl—L=1t= ZPr{L =k} -Pr{l = k+1}, )
k=1
and therefore (1) becomes

+o0
Pr{lperioas = 1} =Y _Pr{l — L= k). (3)

k=0
When a single PU OFF period is not enough to transmit the
SU’s data packet, the transmission of the packet is resumed to
the next PU OFF period. Following the same rationale used
in (1), we can write the probability of the SU’s transmission be
spanned in less or equal than two PU OFF periods as follows

Pr{lperiods <2} = Pril +1 > L}. 4)

Since the multiple realizations of the duration of a PU OFF
period are i.i.d., the probability of I + I, the sum of two
geometric distributions with the same parameter p; = 1/uy,
is represented by a negative binomial distribution with the
parameters r = 2 and p = py, i.e.,

TP 2 122
Pril+1=1)= 1 T (5)
0, t<?2.

In general, we can represent the duration of the sum of r
PU OFF periods by the r.v. I3, whose probability mass
function (PMF) is given by

=1 "A—=p), t>r
i =i = 3 JPrE TP T2 )

0, t<r.

Using (5) in (4), the probability of a SU being able to trans-
mit a data packet lasting L time units using two or less PU
OFF periods is given by

+00
Pr{lperioas =2} = Y Pr{B5™ — L=k}, ™
k=0

where Pr{Igum — L = 1} follows the same rationale as in (2)
and is given by
+00
Pr{If’”” L= r} =Y PrL=k)- Pr{If“’" —k+ t}, (8)
k=1
for r = 2.
However, the probability Pr{lyeriods < 2} accounts for all
the cases when a data packet with length L fits in two or less
PU OFF periods, i.e., it also includes the case when the packet

is entirely transmitted in a single PU OFF period. Therefore,
since we focus on the probability that a data packet is trans-
mitted in exactly » PU OFF periods, we must consider the
cases when the packet was not completely transmitted in the
previous r — 1 PU OFF periods. Consequently, the PMF of
Lyeriods becomes

+00
Pr{tperioas =r} = Y Pr{rfm — .=}
t=0

+o0
—ZPr{IrSfT L= z}, )
=0

which depends only on the duration of the PU ON period
wp and the SU’s packet length p7. The term ;L:ooo Pr{IrS’”” —
L = t} represents the probability of the transmission occupying
at most r PU OFF periods, while the term ,+=°0° Pr{IrSf’f —
L = t} represents the probability of the transmission occupying
at most » — 1 PU OFF periods.

As stated before, we are assuming that a SU starts the packet
transmission in the first time unit of the PU OFF period. In
fact, a SU may start the packet transmission in any time unit of
the PU OFF period. If we consider a saturated network, where
SUs always have a packet to transmit, the beginning of a new
packet transmission will only depend on when the previous
transmission was finished. On the other hand, if we consider
a non-saturated network, the beginning of a new packet trans-
mission also depends on the arrival instant of a new data
packet. However, since we are considering geometric distribu-
tions to represent the duration of the PU ON and OFF periods,
the memoryless property of these distributions can be used to
justify that the number of PU OFF periods that a SU needs
to transmit a packet does not depend on which time unit the
packet transmission has started.

B. Characteristic Function

The definition of the characteristic function (CF) of the
service time is based on the number of PU’s OFF periods
observed during the SU’s transmission. The service time of a
SU’s data packet is defined as the interval from the instant
when a packet arrives the head of the transmitter’s queue,
until the instant when its transmission ends. The packet ser-
vice time, measured in discrete units of time, is represented
by the r.v. S, while its CF is denoted by ®g(w), with w € R.

To derive the CF in a comprehensive manner, we divide
its derivation in three different scenarios represented by the
following Lemmas. We start by deriving the CF of the packet
service time for a specific scenario (Lemma 1) and then we
improve to a more generic scenario (Lemma 3).

Lemma 1: When a SU always has a packet to transmit and
the previous packet transmission ends at any time unit of the
PU OFF period except the last one, e.g., k = 1 and k = 2 of
the first PU OFF period illustrated in Figure 1, the CF of the
packet service time is given by

+00
Ds(w) = ZPr{Iperiods = r}
r=1

iw iw r—1
x pre’” pee” . (10)
1= —=ppe®\1—(1—pp)e®
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Proof: When a SU is able to transmit the entire packet in
a single PU OFF period the service time depends only on the
size of the data packet, i.e.,

P5(w) = Pr(w), Y

where @ (w) represents the CF of the packet duration in terms
of k time units and is given by

pLe®
1 — (1 —ppe®’
which represents the CF of a geometric distribution for k > 0
(j represents the imaginary unit) [28]. If a SU requires two

PU OFF periods to transmit the packet, the packet service time
includes one PU ON period as follows

() = 12)

Ps(w) = Pr(w) - Pp(w), 13)

where ®p(w) represents the CF of the duration of a PU ON
period, and is given by

ppel”
1— (1 —ppe®
Following the same rationale, under the assumptions consid-

ered in this Lemma, we can write the CF of the service time
based on the number of required PU OFF periods as follows

Op(w) = (14)

+00
Os5(@) = D Pr{lperioas = r} - P1(@) - D (). (15)

r=1
|
Lemma 2: When a SU always has a packet to transmit and
the previous packet transmission ends at any time unit of the
PU OFF period, e.g., k =1, ..., 3 of the first PU OFF period

in Figure 1, the CF of the service time is given by

+00
Pg(w) = (1 —pr) ZPr{Iperiods = l”}
r=1
5 PLe/w PBe/w r—1
1 — (1 =ppe®\1—(1—ppe®
+00

+ pi ZPV{Iperiods = r}
r=1
oo g0\
x — PL . Pb L )
I = =ppe®\1—( —pp)e®

Proof: Considering the definition of service time described
before, if the previous transmission ends at the last time unit
of the PU OFF period (k = 3 of the first PU OFF period
in Figure 1) a new packet arrives at the head of the SU’s
buffer queue in the first time unit of a PU ON period. When
this occurs, the packet service time includes an entire PU ON
period before any PU OFF period. Therefore, if a SU is able
to transmit the entire packet in a single PU OFF period, the
service time is given by

Ps(w) = Pr(w) - Pp(w). A7)

Following the same rationale as before, if two PU OFF periods
are required to transmit the entire packet, the service time of

a data packet that arrived at the head of the queue in the first
time unit of a PU ON period is given by

Ds(w) = Pr(w) - PH(w). (18)

In general, the service time of a data packet arriving at the
head of the SU’s buffer in the first time unit of the PU ON
period is given by

400
Os(w) = ZPr{Iperiods = l”} - Or(w) - cb;g(a))

r=1

19)

Let y; be the probability of a packet arriving at the head of
the SU’s buffer queue during a PU OFF period. Considering
that Lemma 2 assumes that the previous transmission ends at
any slot of the PU OFF period and both PU ON and OFF
periods follow geometric distributions, the memoryless prop-
erty of the geometric distribution indicates that the probability
of the previous SU’s transmission ending in a given slot of
the PU OFF period is equal for any slot 1, ..., u;. However,
because this lemma also considers that a SU always has a
packet to transmit, only the cases when the previous transmis-
sion ends at slots 1,2, ..., u;y—1 lead to a new packet arriving
at the head of the SU’s buffer queue during a PU OFF period.
Therefore, the probability of a packet arriving at the head of
the SU’s buffer queue during a PU OFF period is given by

wr—1

129}
=1-pr

Y=
(20)

Thus, the CF of the service time for the second scenario is
given by
+00
Ds(@) = 1 Y Pr{lperiods = r} - L(w) - P ()
r=1 .
+ (1= D) Y Pr{lperioss = r} - PL(@) - Pp(w).
r=1

21

|

Lemma 3: The CF of the packet service time for a general

scenario, i.e., without any restrictions regarding the beginning

of the packet’s transmission and the SU’s traffic condition
(saturated or non-saturated), is given by

Ds(w)
~+00

= (1= p1+poe(=1+pr+ Ppy)) Y Prilperioas = r}

r=1
L b ( ppel® )”
1= =pp)e®\1—(1—-pp)e®
—+00
+ (PI _pQE(_l +pI +PIIDU)) ZPr{Iperiods = r}

r=1
pre” ppe '
X . .
I = =ppe® \1—(—ppe~
Proof: This lemma considers a more general scenario with-
out restrictions about i) the beginning of the data packet

(22)



