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Abstract—We present a stochastic model-based opportunistic channel access and transmission scheme for cognitive radio enabled
secondary users for single data channel. We refer to this scheme as Residual Idle Time Distribution based Scheme (RIBS). In this
scheme, the SU randomly senses the channel and if the channel is sensed idle, then it uses residual idle time distribution to estimate
its transmission duration such that the probability of its interference with PU is below a predefined threshold. We derive analytical
formulae for various performance metrics of SU and validate them through simulations. Simulation experiments are conducted for two
different scenarios. In the first scenario, we use synthetically generated channel occupancy data due to PU transmissions using two
standard distributions (2-phase Erlang and Uniform distribution). In the second scenario, we use data collected by simulating a
TDMA-based PU network that runs realistic applications (VoIP and Web browsing). A pair of sender and receiver SU uses RIBS to
opportunistically transmit on the channel. Our simulation experiments show that SU can use RIBS to opportunistically transmit on the
channel without violating the interference probability constraint. We also list some of the challenges in using RIBS in realistic
scenarios, and provide a comprehensive methodology to use RIBS in such scenarios.

Index Terms—Dynamic spectrum access, opportunistic spectrum access, cognitive radio, MAC

1 INTRODUCTION

DYNAMIC Spectrum Access (DSA) has emerged as a
promising spectrum sharing paradigm to efficiently

utilize the electromagnetic spectrum. In this approach,
the unlicensed users (also referred to as Secondary Users
or SUs) can dynamically use licensed spectrum band to
increase spectrum utilization. One important category of
DSA is interweave mode (see [1], [2] for complete catego-
rization of DSA models). In interweave mode, which is also
known as opportunistic spectrum access (OSA), SU uses the
spectrum band when PU is absent and vacates it when PU
appears on the band. The SUs must also abide by certain
Interference Management (IM) policy, which specifies an
upper bound on the interference that a PU can tolerate due
to SU transmissions. The IM policy should be known a priori
to both SUs and PUs.

Channel occupancy models (i.e., channel idle and busy
time distributions) due to Primary User traffic have recently
been used to devise opportunistic channel access schemes for
secondary networks. Several authors (for example, [3], [4])
have proposed opportunistic channel access schemes in
which SU keeps track of the amount of idle time that has
elapsed from the start of current idle cycle in which SU has
sensed the channel. It computes the probability of successful
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transmission of its next frame using the channel idle time
distribution, conditioned on the elapsed idle time. The main
limitation of such schemes is that the SU needs to continu-
ously sense the channel (irrespective of whether it has frames
to transmit or not) in order to keep track of the start of each idle
cycle. Continuous sensing of the channel significantly drains
the energy of SU over long run, and is not suitable for energy-
constrained SU devices. In this paper, we propose a stochastic
model based opportunistic spectrum access scheme which
can be used by SUs to access primary channel such that the
impact on PU is within acceptable limits. There are two main
motivations for our work : (1) To increase the utilization of
a primary channel by having SUs use the channel within
acceptable limits of interference with PU and (2) to reduce the
channel sensing overhead of SUs so that the channel access
scheme can also be used by energy-constrained secondary
networks such as cognitive sensor networks [5], or battery-
operated low end wireless devices. The proposed channel
access scheme is called Residual Idle Time Distribution based
Channel Access Scheme (RIBS). RIBS uses channel’s residual
idle time distribution to compute transmission duration for
an SU such that the probability of interference of SU with
PU is below a predefined threshold. The residual idle time
distribution is obtained using the known idle time distribu-
tion for the channel. RIBS is a non-persistent carrier sensing
scheme in which SU does not continuously sense the channel
if the channel is busy. Further, RIBS does not require the SU
to continuously sense the channel to keep track of start of
each idle cycle. Details of RIBS are presented in Section 5.

The main contributions of this paper are as follows:

1) We propose an opportunistic channel access scheme
that is based on residual idle time distribution of the
channel.
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2) The proposed scheme does not require the SU to
continuously sense the channel and also ensures
that the probability of interference of SU transmis-
sions with PU is below a predefined threshold.
It has low sensing overhead and hence energy
efficient.

3) We provide a methodology for opportunistic spec-
trum access when on-off traffic of PU can be of any
general distribution.

4) We use simple backoff scheme to access channel
idle periods and specify guidelines in choosing the
backoff parameter in different operating scenarios.

2 RELATED WORK

Research in the area of DSA, specifically in interweave
mode, got major initial impetus from neXt Generation
Communications (XG) program of DARPA [6] and initia-
tives of Ofcom (spectrum regulatory body in the U.K.) [7].
A number of prior research works have proposed access
schemes based on primary channel occupancy models.
In [8], authors assume that opportunistic transmission of
an SU spans N primary channels and model the complete
system state due to operation of PUs as 2N-state Continuous
Time Markov Chain (CTMC). The authors derive the dis-
tribution of transmission opportunity (TO) for an SU using
lumped Markov chain model and conclude that TO follows
Hyperexponential distribution. Geirhofer et al. [9] describe
that the channel occupancy in a WLAN system can be
modeled as a 2-state (ON-OFF) Semi Markov chain but
approximate it by a CTMC to simplify analysis.

In [10] and [11], authors propose channel sensing
and transmission strategies under the Partially-Observable
Markov Decision Process (POMDP) framework, but assume
that both Primary and Secondary networks are slotted.
In [12], the authors consider an unslotted Primary Network
with multiple channels and a slotted Secondary Network,
which senses the channels at the beginning of each slot.
In [13], authors propose a scheme to compute ON and OFF
durations of SU. The SU need not sense the channel at all.
Whenever it has frames to send, it transmits for ON dura-
tion followed by a silent period of OFF duration. Unlike
RIBS, ON and OFF periods for SU in this scheme depends
only on mean busy period of PU and is independent of
mean idle period of PU.

Recently, Restless Multiarm Bandit formulations
are used for opportunistic channel access [14], [15]. These
schemes are based on exploration versus exploitation
trade off and do not require an SU to know the channel
idle and busy period distributions a priori. However,
logarithmic bounds for regret in these schemes are shown
in the literature only for Markovian and Bernoulli reward
distributions. In contrast, RIBS is devised for any general
continuous time distribution for idle periods and does not
depend on distribution of busy periods. However, RIBS
bounds the interference probability to a specified threshold
η and is not designed to provide logarithmic bounds.
Liang et al. [16] propose an adaptive channel sensing
scheme to get the best estimate of the parameters of an
on-off renewal channel. This scheme is complementary
to RIBS and the channel parameter estimation using this

scheme can be used in RIBS. In [17], the authors have
proposed matrix-analytic method based algorithms for
opportunistic spectrum access. This work primarily focuses
on the blocking probabilities of Primary and Secondary
calls, and the waiting times of an SU call that is preempted
due to arrival of a Primary call. In contrast, in our work
we focus on how much an SU should transmit every time
it senses the channel idle while keeping the probability of
interference to PU below a predefined threshold. Instead
of matrix-analytic method, we use residual idle time dis-
tribution in RIBS. Many of the schemes mentioned above
assume exponential distribution for idle and busy time
periods for each channel, whereas some other schemes
model the state of the complete system consisting of N
channels as 2N-state CTMC. In our work, the proposed
channel access scheme RIBS works for any idle time distri-
bution. If the idle time distribution does not have a closed
form, then our scheme can be applied after approximating
the continuous time distribution by an appropriate Phase
Type distribution.

Several schemes proposed in the literature use chan-
nel idle time distribution for opportunistic transmissions
under interference constraint, which is defined as a part of
Interference Management (IM) policy. In [18], authors pro-
pose schemes to provide probabilistic outage guarantee to
PUs in spatial domain based on power sensing information
obtained at the secondary user. In contrast, RIBS enables
opportunistic transmission in temporal domain and com-
putes the duration for which SU can transmit before PU
appears on the channel so that probability of interference
to PU is bounded. In [3], the authors have used empirical
PDF and CDF of an idle time data set (obtained using mea-
surement of channel idle periods in simulation) to compute
the number of frames that an SU should transmit on sensing
a channel idle, subject to a maximum bound on probability
of interference of SU frames with PU. In [19] also, the SU
determines the optimal transmission duration on finding a
channel idle subject to maximum interference probability
threshold. Both [3] and [19] assume that start of each idle
period is known, and use the channel idle time distribution
in their MAC protocol design. In [4], the authors have pro-
posed a cost and reward-based access policy to maximize
the secondary network utility. The authors have considered
a general PU idle time distribution but assume that the
time instant of channel state transition from idle to busy
is known, which would require the SU to sense the chan-
nel continuously. The RIBS scheme proposed in this paper
does not require the SU to continuously sense the channel
to keep track of start of each idle period, as it is based on
residual idle time distribution of the channel. RIBS enables
an SU to opportunistically transmit such that its probability
of interference with PU is less than or equal to a predefined
threshold.

3 SYSTEM MODEL AND ASSUMPTIONS

We consider a hierarchical spectrum sharing paradigm in a
wireless network, which consists of a set of PUs and SUs.
The SUs operate in interweave mode and should access
the channel only when no PU is using the channel. Thus,
the SUs have to look for idle periods on the channel and
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opportunistically transmit their packets. The PUs are not
aware of SU’s transmission and can initiate their trans-
mission whenever they require. It is SU’s responsibility to
detect the PU transmission and evacuate the channel. The
SUs must also ensure that the probability of interference to
any PU due to their transmissions is bounded below a given
threshold, denoted as η. Here, probability of interference
refers to the probability that SU’s opportunistic transmis-
sion in an idle cycle interferes with PU. Note that this
constraint is imposed from SU’s perspective and similar
to that used in [3] and [20]. Interference constraint that is
defined from PU’s perspective is also used in the literature
(see [4]). In practice, a service provider would choose one of
the two ways based on various factors such as application,
Service Level Agreement with PU, etc.

In our work, we make the following assumptions:

1) SU knows η for the channel as well as the channel
idle time distribution due to PU transmissions.

2) We consider PU transmission in a single cell sce-
nario, i.e., co-channel and adjacent channel interfer-
ence due to PU transmissions in other cells are not
considered.

3) Channel occupancy distribution and parameters
remain stationary (stable) for relatively larger dura-
tion than the opportunistic transmission duration of
SU.

4) SU performs perfect sensing.
5) PU uses a non CSMA protocol.
The third and fourth assumptions are made to apply

model-based channel access scheme and to keep the ana-
lytical formulation tractable. We assume that PU uses a non
CSMA protocol because of the following reason. A CSMA-
based PU senses the channel and backs off if the channel
is busy due to some secondary node’s transmission. This
violates hierarchical model as the PU is forced to wait until
SU finishes its transmission, and adversely affects PU’s per-
formance such as throughput and delay. However, RIBS
can be used with other types of primary networks such as
slotted primary networks (Slotted Aloha or TDMA based
networks) and unslotted primary networks (such as pure
Aloha based networks), without requiring any synchroniza-
tion with the primary network. This is so because in RIBS,
scheduled sensing time of SU need not be aligned to PU
slot boundary (if PU network is slotted). If PU appears on
the channel in one of its slot while SU is transmitting on
the channel, the SU evacuates the channel.

4 OVERVIEW OF RIBS
In RIBS, whenever an SU has one or more packets for
transmission, it generates a channel sensing schedule and
finds the time instant at which it will sense the channel1.
This sensing schedule is generated such that the sched-
uled sensing happens at random time2. The SU waits upto
the scheduled time and then senses the channel for a

1. The SU does not immediately sense the channel as soon as it gets
a frame to transmit. Instead, it generates a sensing schedule using a
scheme that is described later in this section.

2. Random sensing of the channel is required for using RIBS
to opportunistically transmit on the channel. Details are given in
Section 5.

Fig. 1. SU transmission scenarios in the residual idle time of a data
channel.

predefined sensing duration. If the channel is sensed busy,
the SU backs off and senses the channel again. The back-
off duration is generated using Exponential distribution. If
the channel is sensed idle, then the SU transmits its frames
opportunistically on the channel using RIBS channel access
scheme that is described below.

In RIBS, we model the channel occupancy due to PU
traffic as an Alternating Renewal Process (ARP). The pro-
cess alternates between idle and busy states of the channel
and renews after each renewal cycle that consists of an idle
period followed by a busy period. Hence, we derive and
use the channel residual idle time distribution based on ran-
dom incidence in a renewal cycle3 (see [21, pp. 328–331]).
The residual idle time distribution is derived using the
known channel idle time distribution of PU traffic. Channel
idle and busy time distributions can be any general distri-
bution rather than exponential distribution that is assumed
in many works in the literature. Once the residual idle time
distribution is computed, the SU computes the maximum
duration for which it can use the channel when it randomly
senses the channel to be idle. We denote the duration of
this whole transmission operation by ymax. We use the term
transmission operation by an SU to denote the action of the
SU to sense the channel for duration s and then to trans-
mit (possibly multiple frames) for the remaining (ymax − s)
duration if the channel is idle. The method to compute ymax
is described in Section 5. The SU transmits these frames
within ymax duration without any further sensing of the
channel, thereby reducing the sensing overhead for each
transmitted frame. It waits for an acknowledgment from
the receiver for each successfully received frame.

Fig. 1 shows two possible transmission scenarios in
residual idle time on a single data channel, one below and
one above the central line in the figure. TA, TB, and Tc
denote respectively the start of an idle period I, end of the
idle period (or, equivalently, start of the next busy period B),
and end of the busy period within a renewal cycle. In the
first scenario, shown below the central line, the scheduled
time for the SU to sense the data channel is t′1. The SU
senses the data channel at time t′1 for a pre-defined sens-
ing duration s (from time t′1 to t′2), and since the channel is
sensed idle, it transmits frames for a maximum duration of

3. The phrase ‘random incidence in a renewal cycle’ is used in [21]
to denote the random time at which the renewal process is observed.
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Fig. 2. Channel sensing schedule generation using exponentially dis-
tributed backoffs.

(ymax − s) (which is equal to t′3 − t′2)
4. The duration (TB − t′1),

represented as RI, denotes the residual (remaining) idle time
in the cycle, starting from the incidence time t′1 into the
ARP5. The duration (TB−t′2), represented as (RI−s), denotes
the available residual idle time in the cycle after the SU has
sensed the channel for duration s. Since RI is more than
ymax, (i.e., (RI−s) is more than (ymax−s)), the SU successfully
transmits for the entire (ymax − s) duration. In the second
scenario, shown above the central time line, since RI is less
than ymax, the SU transmits only for (RI − s) duration and
collides with the next busy cycle due to PU transmission,
thereby interfering with the PU. In both the above cases,
if the SU has more frames to transmit, it generates a new
sensing schedule for sensing the channel again.

In order to generate sensing schedule, SU generates one
or more random backoffs using Exponential distribution,
starting from the previous sensing time6, until it goes past
the current time. For example, in Fig. 2, the SU senses the
channel for duration s (from t1 to t2). Since the channel is
sensed idle, the SU transmits frames for (ymax − s) duration
(from instant t2 to t3). It then generates a random backoff
value, which we denote by BO1, using Exponential distri-
bution with mean value E[BO]. BO is a random variable
that denotes the backoff duration. Starting from the last
sensing instant t1, if BO1 is large enough to surpass the
current time t3, then it computes the next incidence time as
(t1 + BO1), which also becomes its scheduled sensing time.
However, as shown in the example in Fig. 2, the generated
backoff value BO1 is not large enough to surpass the current
time. Therefore, the SU generates multiple backoffs, such as
BO1, BO2, BO3 and BO4, starting from the previous sensing
instant t1, until it surpasses the current time t3. Points a, b,
c, and d denote the incidence times corresponding to these
backoffs. t4 is the next scheduled sensing time. As the chan-
nel is sensed busy at t4 in Fig. 2, the SU generates another
backoff value BO5 and computes the next incidence time
as t5 = t4 + BO5 (shown as point e). The SU records t5 as
the next scheduled sensing time. The process of generating

4. If SU does not have enough frames to consume the duration of
(ymax − s), it stops after sending all the frames.

5. The term “incidence time into the ARP” refers to the time at
which SU can potentially sense the channel whose occupancy is mod-
eled using the ARP. At some incidence times, the SU can not sense the
channel, as will be explained later in this section.

6. The SU keeps record of the last time it sensed the channel.
However, it does not keep record of the boundaries of idle and busy
periods on the channel, which would have required it to sense the
channel continuously.

the sensing schedules is repeated in the manner described
above.

There are several important points to be noted from the
above description. First, as shown in Fig. 2, the SU first
senses the channel at time t1 and then senses it at time t4.
The intermediate incidence time values (a, b and c) are gen-
erated as a part of random backoffs until we exceed the
current time instant t3. Since these intermediate time values
have already elapsed on the time line, SU can not perform
channel sensing at these times. Second, the backoff (BO)
starts from the previous incidence time rather than the end
of transmission time so that inter-incidence durations are
exponentially distributed. This makes it possible to use the
theory of random incidence into ARP. Third, SU performs
non-persistent sensing.

5 CHANNEL ACCESS BASED ON RIBS
Whenever SU senses the channel to be idle, the duration for
which it should transmit is determined such that the prob-
ability of its interference with PU transmission is less than
or equal to a predefined threshold η. The SU uses the resid-
ual idle time distribution to compute this duration. The
residual idle time distribution is obtained using the known
idle time distribution for the channel. Let random variable I
represent channel idle time whose Cumulative Distribution
Function (CDF) is given by FI. Suppose an SU senses the
channel at a random time instant (such as at time t1 in Fig. 2)
and finds it to be idle. We denote the channel residual idle
time in the sensed idle cycle by random variable RI. For
random sensing in an idle cycle, the residual idle time density
function fRI, and the residual idle time distribution function
FRI can then be computed as follows [21, pp. 331]:

fRI(y) = 1 − FI(y)

E[I]
(1)

FRI(y) =
∫ y

0
fRI(z)dz. (2)

E[I] in (1) denotes the mean channel idle time. If SU uses the
channel for duration y, then FRI(y) denotes the probability
that the remaining idle period will end before SU transmis-
sion is over. In this case, SU transmission will interfere with
PU transmission. In other words, FRI(y) gives the probabil-
ity of interference of SU’s transmission with PU if SU uses
the channel for duration y on randomly sensing the chan-
nel to be idle. In RIBS, this interference probability is upper
bounded by η. That is,

FRI(y) ≤ η. (3)

Since, we also want to maximize the duration for which
the SU transmits when it detects an idle cycle, we find the
maximum value of y for which the inequality (3) holds.
We denote this maximum value as ymax. We note several
points in the above formulations. First, the above formula-
tions are valid for the case when SU senses the channel at a
random instant and finds it to be idle. Second, the ymax value,
which is computed only once at the beginning by solving
(3), depends on the value of residual idle time distribu-
tion parameters and η, and is independent of the channel
busy time distribution and mean backoff value. In general,
ymax is directly proportional to η and E[RI] (which, in turn,
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is directly proportional to E[I]; see [22]). Larger value of
η implies that PU can tolerate higher probability of inter-
ference. Therefore, as η increases, ymax value increases and
SU transmits for longer duration during each transmission
operation. Third, during each transmission operation, SU
transmits the frames without further sensing the channel.

The channel access scheme for RIBS is very simple: SU
remembers the last sensing time. When SU has a frame to
send, it generates one or more random backoffs and adds
to the previous sensing time until it goes past the current
time. This future time becomes the next scheduled sensing
time. At that scheduled time, the SU senses the channel for
duration s and if the channel is sensed idle, the SU transmits
for (ymax − s) duration, where ymax is computed using (3).
If the channel is sensed busy, then SU backs off again.

6 ANALYTICAL FORMULATION OF
PERFORMANCE METRICS

In this section, we derive the analytical formulations for
various performance metrics of SU. We use the term raw
SU frames to refer to all the frames which are transmit-
ted by an SU at the MAC layer during each transmission
operation. This includes successfully (i.e. completely) trans-
mitted frames as well as any partially transmitted frame
which could not be transmitted completely due to appear-
ance of PU on the channel resulting in collision with PU. We
use the term successfully transmitted SU frames to refer to all
the frames which are successfully transmitted by an SU at
the MAC layer during each transmission operation. In our
work, all the analytical formulations are derived using raw
SU frames, and for saturated SU traffic. Analytical value
of a performance metric is denoted with a notation having
a widehat symbol over it. The corresponding simulation
value is denoted with the same notation, but without the
widehat.

6.1 Average Number of Raw Frames Transmitted
Per Transmission Operation by SU (ϕ̂)

We once again consider two possible transmission scenarios
(depicted in Fig. 1) for SU when it transmits after sensing
the channel idle. In first scenario (shown below the cen-
tral line in the figure), the remaining idle period duration
RI is more than the transmission operation duration ymax.
Therefore, the SU transmits for the entire (ymax − s) dura-
tion and there is no interference to PU. In second scenario
(shown above the central line in the figure), the remaining
idle period duration RI is less than the transmission oper-
ation duration ymax, and therefore, the SU transmits only
for available residual idle time duration (RI − s) after sens-
ing. In this scenario, the SU transmission interferes with
PU transmission because the idle period ends (due to PU’s
appearance on the channel) before the SU transmission is
over. Therefore, the average number of raw frames that an
SU transmits during each transmission operation, can be
computed as:

ϕ̂ = E[(min(RI, ymax) − s)|RI > s] × R
S

= {
(ymax − s)P(RI > ymax|RI > s)

+E[(RI − s)|RI < ymax]P(RI < ymax|RI > s)
} × R

S

=
{
(ymax − s)

(1 − FRI(ymax))

(1 − FRI(s))
+ 1

(1 − FRI(s))
ymax∫

q=s

(q − s)fRI(q)dq
}

× R
S

. (4)

Here, s is the fixed channel sensing duration, R is data
transmission rate of the wireless channel (in bits per sec-
ond), and S is sum of SU data frame size and acknowledg-
ment frame size (in bits). Therefore, R/S gives the number
of SU frames transmitted per second. ymax is computed by
solving (3). Let us use the following representations:

term1 = (ymax − s)
(1 − FRI(ymax))

(1 − FRI(s))
(5)

and

term2 = 1
(1 − FRI(s))

ymax∫

q=s

(q − s)fRI(q)dq. (6)

Note that (1−FRI(ymax))
(1−FRI(s))

is equal to the conditional prob-
ability P(RI > ymax|RI > s) when SU transmits without
interfering with PU. term1 gives the average duration for
which an SU transmits in the first scenario. Similarly, term2
gives the average duration for which an SU transmits in
the second scenario.

6.2 Average Raw SU Throughput (γ̂ )
Raw SU throughput (in frames per second) is defined as the
total number of raw frames transmitted by an SU per unit
of time. We derive the analytical expression for average raw
SU throughput as follows: Let T denote the total duration in
which the average SU throughput is to be computed, and
E[BO] denote the mean backoff duration for exponential
backoffs (please refer to Section 4). So, the backoff process
is a Poisson arrival process with rate parameter 1/E[BO].
Then, the mean number of incidences (arrivals) into the
alternating renewal process (ARP) in duration T is T ×
1/E[BO]. Some of these incidences will be in idle cycles and
some of them will be in busy cycles of the ARP. We compute
the number of incidences in idle cycles using a property
called Poisson Arrivals See Time Averages (PASTA) [23, pp.
293]. PASTA property states that when arrivals to a stochas-
tic process is Poisson, the fraction of arrivals which find the
stochastic process in a given state is equal to the fraction of
time the process is in that state [23, pp. 77-78]. PASTA prop-
erty can be used to observe any stochastic process as long
as the arrivals of the observing process is Poisson. In our
model, the observed stochastic process is the Alternating
Renewal Process representing the idle and busy periods of
the PU traffic and the observing process is the backoff inci-
dences by SU which is Poisson. Therefore, the fraction of
SU incidences which occur in idle periods of the channel
is equal to the fraction of time the channel is in idle state,
which is equal to E[I]

(E[I]+E[B]) . Here, E[I] and E[B] denote the
mean idle and busy periods of the channel. Using above
expressions, the number of SU incidences into idle cycle,
NI, can be computed as:

NI = T
E[BO]

× E[I]
(E[I] + E[B])

. (7)
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However, all the incidences into idle cycles do not result
in sensing of the channel by SU. As explained in the context
of Fig. 2 in Section 4, an SU can not perform channel sens-
ing at those incidence times which lie within the duration
of previous transmission operation. During backoff, an SU
may either incidence into the just concluded transmission
operation duration one or more times (as in Fig. 2), or it
may not incidence at all within this duration if the back-
off value is sufficiently large to surpass the current time. In
order to compute the average number of backoff incidences
which occur within a transmission operation duration, we
proceed as follows: Every time an SU senses the channel
for a predefined duration s and finds the channel idle, it
transmits, on the average, for a duration of (term1 + term2),
where term1 and term2 are given by equations (5) and (6)
respectively. Let X be a random variable that denotes the
duration of transmission operation, and let random variable
Y denote the number of backoff incidences within transmis-
sion operation durations. So, E[X] = (s+ term1 + term2). The
average number of backoff incidences which occur within
a transmission operation duration, denoted as Winc, can be
computed as (see [21, pp. 262–263]):

Winc = E[Y]
= E[E[Y|X]]

=
∫ ∞

−∞
E[Y|X = x]fX(x)dx. (8)

For a given transmission duration X = x, Y is Poisson
(with parameter λ = 1/E[BO]) within that interval. Hence,
E[Y|X = x] = λx, and therefore, (8) can be computed as (see
Appendix A in [24]):

Winc = λE[X]

= (s + term1 + term2)

E[BO]
. (9)

We model each backoff incidence into the ARP as
Bernoulli distributed with probability of success p. A success
is reported when an incidence lies within the transmission
operation duration. It can be shown that p = Winc

1+Winc
(see

Appendix A in [24]). Hence, the probability that an SU actu-
ally senses the channel on a random backoff incidence (Psen)
is equal to the probability that the incidence is outside of
transmission operation, which is (1 − p). Thus,

Psen = 1 − p = 1
(1 + Winc)

. (10)

Using (7) and (10), the total number of idle cycle incidences
within duration T on which the SU senses the channel is
computed as:

Nsen
I = NI × Psen

=
[

T
E[BO]

× E[I]
(E[I] + E[B])

]
× Psen. (11)

So, Nsen
I gives the number of times the SU incidences into

idle cycles and senses the channel. On each sensing, the
channel is sensed idle if the residual idle time is greater
than the sensing duration s. Therefore, the total number of
idle cycle incidences within duration T at which the SU
senses the channel and finds it to be idle (and therefore,

initiates a transmission operation) is given as:

Ntx = Nsen
I × P(RI > s)

=
[

T
E[BO]

× E[I]
(E[I] + E[B])

]
×Psen × (1 − FRI(s)). (12)

During each such transmission operation, the average num-
ber of frames that the SU transmits is ϕ̂. Therefore, the total
number of frames that the SU transmits in duration T is
given as:

Ntotal = Ntx × ϕ̂

=
[

T
E[BO]

× E[I]
(E[I] + E[B])

]
×Psen × (1 − FRI(s)) × ϕ̂.

(13)

For large T, the average SU throughput (in frames/sec)
is given by:

γ̂ = Ntotal

T

=
[

1
E[BO]

× E[I]
(E[I] + E[B])

]
×Psen × (1 − FRI(s)) × ϕ̂.

(14)

6.3 Average Sensing Overhead of SU (̂δ)
We compute the average sensing overhead of SU as the per-
centage of time (with respect to one SU frame transmission
time) that an SU spends in sensing the channel. This met-
ric is measured in percentage. However, in this paper, we
will simply refer to it as sensing overhead. It is computed as
follows:

δ̂ = Tsensing

Ttx
× 100. (15)

Here, Tsensing and Ttx are the total time durations that the
SU spends in sensing the channel and transmitting frames
respectively during operational duration of T. The total
number of incidences at which SU senses the channel, Nsen,
is computed as:

Nsen = Nsen
I + NB, (16)

where NB represents the number of incidences at which the
SU senses the channel to be busy. NB is computes as:

NB = T
E[BO]

× E[B]
(E[I] + E[B])

, (17)

where E[B]
(E[I]+E[B]) is the fraction of SU incidences in busy

cycles. Note that unlike idle cycle incidences, all the busy
cycle incidences are sensed by the SU.

Substituting the expressions from (11) and (17) into (16),
we get the total number of incidences at which SU senses
the channel as:

Nsen = T
E[BO] ×

[
E[I]

(E[I]+E[B]) ×Psen+ E[B]
(E[I]+E[B])

]
. (18)

The total time spent by SU in sensing the channel is com-
puted as: Tsensing = Nsen × s, where s is the time required by
SU to sense a channel on each sensing operation. The total
time spent by SU in transmitting frames is computed as:
Ttx = Ntotal × Tsf , where Tsf is one SU frame transmission
time. Substituting the above expressions for Tsensing and Ttx
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into (15) and using (13) and (18), we get the expression for
average sensing overhead as:

δ̂ =
[

E[I]
(E[I]+E[B])×Psen+ E[B]

(E[I]+E[B])

]
× s

E[I]
(E[I]+E[B])×Psen×(1 − FRI(s))×ϕ̂×Tsf

×100. (19)

7 DISCUSSION ON RANDOM CHANNEL
SENSING

We have emphasized in earlier sections that in RIBS, the
channel sensing schedule is generated such that the chan-
nel sensing is memoryless and random. Random sensing
enables us to compute residual idle time distribution (FRI)
from a known idle time distribution (FI) (using (2)) with-
out knowing the start of the idle cycle. This distribution
can be used to compute the maximum duration (ymax) for
which the SU can use the channel on randomly sensing the
channel idle, such that the probability of its interference
with PU transmission is below a predefined threshold (η).
This approach relieves the SU from continuously sensing
the channel to keep track of start of each idle period on
the channel. In order to enforce memoryless random sens-
ing of the channel, the SU backs off using exponentially
distributed values as described in detail in Section 4. The
choice of backoff parameter of the exponential distribution
is important for the performance of the system.

We need to mention that for some idle time distribu-
tions, such as Uniform distribution, ymax can be computed
exactly (in closed form) by solving equation (3). For such
distributions, the backoff parameter value can be decided
analytically, and the interference probability of SU with
PU will not be violated for the selected backoff parame-
ter value. However, for some other idle time distributions
(such as Erlang or Hyperexponential), ymax value is com-
puted by solving equation (3) using iterative numerical
methods (such as Newton Raphson method). Hence, the
computed ymax value is only approximate. For such distri-
butions, the backoff parameter value should be carefully
selected, as the error in ymax value may result in violation
of the interference probability constraint (η) if the selected
backoff value is very small. In such cases, the BO value
should be either empirically selected, or the SU should start
with relatively large backoff parameter value (for exam-
ple, mean idle cycle time of the channel) and gradually
adapt the value during run time so that the SU throughput
increases without violating the η constraint and without
increasing the sensing overhead to unacceptable level.

8 USING RIBS IN PU NETWORKS WITH REAL
APPLICATION TRAFFIC

In real world scenarios, the channel occupancy data is col-
lected from actual PU traffic. The channel idle periods due
to actual Primary applications can be low or high in terms
of variability, which is captured by squared Coefficient of
Variation (CoV2) value of the data. Coefficient of Variation
is defined as the ratio of standard deviation of the data
to its mean value. The higher the CoV2 value, the higher
is the variability. In such scenarios, the distributions fitted
to the measured data are only approximations of the ideal
fit. Approximate idle time distribution does not accurately

represent the variability of idle times on the channel due
to PU traffic and poses new challenges in using RIBS when
the idle periods are highly variable.

The main challenge in using RIBS with realistic PU appli-
cations is with those channel idle period profiles which
have large CoV2 (> 1.0) and small mean idle time E[I], and
where the fitted idle time distribution is approximate with
respect to the actual channel idle periods. Since the fitted
distribution is only approximate, the ymax value computed
in RIBS using such distributions is also approximate. When
an SU senses the channel to be idle and transmits for these
approximate (ymax − s) durations, then it may violate the
interference probability constraint, specially when it trans-
mits in small idle periods. Therefore, using approximate
idle time distribution in RIBS may increase the probabil-
ity of interference of SU’s transmission with PU, specially
when channel idle periods are highly variable with low
mean idle time. The analytical formulations described in
Section 6 can be applied in this scenario; however the
approximations lead to discrepancies in the analytical and
simulation results.

There are two possible approaches to reduce the increase
in interference probability when RIBS uses approximate
idle time distribution for highly variable data. Both of these
approaches can be used together. First, make the exponen-
tial backoff parameter large (for example, integer multiple
of ymax, or mean cycle period E[C]). Statistically, this will
make the SU skip small idle periods. However, this will
lead to low SU throughput, but low channel sensing over-
head. Second, throw out some outliers (for example, discard
the top 1 to 5 percentile data and consider only 99 to
95-percentile of idle time values) and fit the appropriate dis-
tribution to this truncated data. This makes the fitted model
more conservative. That is, the idle time distribution fitted
to such a truncated data set gives lower ymax value, and
therefore, the SU transmits conservatively on sensing the
channel idle. However, care should be taken not to throw
away too many values as it will make the fitted model to
deviate even more from the ideal fit.

Fig. 3 shows the flow chart, which describes the steps to
be followed by an SU to model the channel occupancy due
to PU transmissions, and to use the RIBS approach for its
opportunistic transmission. Note that the method proposed
in the flow chart is not new. We merely have borrowed it
from the literature of distribution fitting (please refer to [25]
and [26] for fitting phase-type distributions) and presented
here so that the readers get a comprehensive view of how
to use RIBS scheme in practice. In RIBS, computation of
FRI (see (1) and (2)) requires closed form expression for the
Cumulative Distribution Function (CDF) of the fitted idle
time distribution. If the fitted distribution does not have
a closed form distribution function, then such distributions
must be approximated using Phase type (PH) distributions7

and the approximated PH distribution should be used to
compute FRI. Another alternative is to directly fit PH dis-
tribution to the idle time data set. RIBS does not depend
on the channel busy time distribution. Therefore, it is not

7. A continuous time distribution can be approximated to Phase
Type distribution (for example, Exponential, or r-phase sum of expo-
nentials, or r-phase mixture of exponentials) using tools such as
EMpht [27].
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Fig. 3. Methodology to use RIBS approach for opportunistic channel
access.

required to fit a distribution for the measured busy time
data set. Mean value of the measured busy time data can
itself be used as E[B] because sample mean is an unbiased
estimator of the population mean.

9 SIMULATION EXPERIMENTS AND RESULTS

In this section, we describe the simulation experiments for
synthetic PU traffic and real PU application traffic.

9.1 Case 1: Synthetic PU Traffic
9.1.1 Simulation Model
In order to validate the RIBS scheme and the analytical
formulations for SU performance metrics, we simulate a
single data channel network, which is opportunistically
used by an SU to transmit its frames. The idle and busy
periods on the channel due to PU traffic are synthet-
ically generated using example distributions. Therefore,
the exact time instants when the channel becomes idle
or busy are known in simulation from the synthetically
generated channel occupancy data. We simulate two dif-
ferent configurations to obtain the channel idle and busy
time values. In Configuration-1, we generate the chan-
nel idle and busy time values alternately using 2-Erlang
distribution with rate parameters λi and λb respectively
(λi = 1.0 sec−1, λb = 50.0 sec−1). In Configuration-2, we
generate the channel idle and busy time values alternately
using Uniform distribution with parameters (a, b) and (c, d)
respectively (a, b = 0.01, 0.1 sec; c, d = 0.001, 0.009 sec).

For each of the above configurations, the channel occu-
pancy due to PU traffic is modeled as an Alternating
Renewal Process. The SU data and acknowledgment frame
sizes are 2048 bits and 128 bits respectively. The wireless
channel data transmission rate is 11 Mbps. For each value
of interference probability constraint η, we obtain the value
of the following performance metrics using simulations:
(1) Probability of interference of SU transmissions with
PU (pintf ), (2) Average raw SU throughput (frames/sec)

(γr), (3) Average SU goodput (frames/sec) (γs), (4) Average
SU sensing overhead (in %) for raw frames (δr), (5) Average
SU sensing overhead (in %) for successfully transmitted
frames (δs). Average SU goodput is defined as the num-
ber of successfully transmitted SU frames per second. Note
that these notations represent the values obtained using
simulation. The corresponding analytical expressions for
these performance metrics for the two example distribu-
tions (2-Erlang and Uniform) are derived using the generic
formulations described in Section 6. The analytical per-
formance metrics are denoted by placing a widehat over
the corresponding symbol. Please refer to Section 7 in [24]
for distribution-specific formulations and their derivations.
We compare the analytical and simulation values of the
performance metrics and analyze the results.

We have conducted Monte Carlo simulations (applied in
a discrete event model) using OPNET simulator [28]. The
performance metric values computed using simulations are
obtained with 98% Confidence Interval. In some figures,
the confidence interval is too narrow to be noticeable. The
first simulation metric value, pintf , is compared against the
interference probability constraint η. We now briefly explain
some important points regarding comparison of other per-
formance metrics with their analytical counterparts.

We compare the analytical and simulation values of aver-
age SU throughput and average SU sensing overhead. The
analytical values (γ̂ and δ̂) are computed using raw SU
frames. That is, the values of these metrics are computed by
considering all the frames (successful and collided) trans-
mitted by SU during its each transmission operation. It was
hard to derive the exact analytical expressions for these
metrics by considering only the successfully transmitted
SU frames and discarding the partial frame. In simulation
however, we compute the values using raw SU frames as
well as successfully transmitted SU frames. These perfor-
mance metrics, when computed in simulation using raw
SU frames, are denoted as γr and δr, and when computed
using successfully transmitted SU frames, are denoted as
γs and δs. We compare the analytical values of the per-
formance metrics (γ̂ and δ̂) with both types of simulation
values - those which are obtained using raw SU frames (γr
and δr), and those which are obtained using successfully
transmitted SU frames (γs and δs).

To validate the analytical formulations for different back-
off parameter values, we run our simulation experiments
with three different backoff parameter values: E[C], ymax
and ymax/10. E[C] denotes the mean cycle time of the chan-
nel, which is equal to sum of mean idle time and mean busy
time of the channel (i.e., E[C] = E[I] + E[B]). E[C] is indepen-
dent of η and ymax, and is constant for a given channel idle
and busy time distribution. In our experiments, we assume
the channel occupancy profile to remain unchanged, and
therefore E[C] is constant in our simulation experiments.
The other two backoff parameter values, namely ymax and
ymax/10, depend on η. The relation between η and ymax
will be often used in analysis of the results, therefore we
explicitly state it: As η increases for a given channel idle time
distribution, the ymax value also increases. As a result, the expo-
nential backoff parameter values that are directly proportional
to ymax (such as ymax and ymax/10), also increase with increas-
ing η. We further note that E[C] is always greater than ymax.



SHARMA AND SAHOO: STOCHASTIC MODEL BASED OPPORTUNISTIC CHANNEL ACCESS 1633

Fig. 4. Probability of interference of SU with PU (pintf ) for configuration 1.

Therefore, E[C] is largest of all the three backoff values used
in our simulation experiments and ymax/10 is the small-
est one. These values provide a good range of the mean
exponential backoff duration.

In our experiments, we have considered η in the range
of 0.05 to 0.3 (in steps of 0.05). High values of η are
not of much practical interest in hierarchical networks.
Higher values of η indicate that PU can accept significant
interference from SU, which is usually not true in practice.

9.1.2 Results for Performance Metrics of SU
Figs. 4 and 5 show the probability of interference
of SU transmission with PU for Configuration-1 and
Configuration-2 respectively. We see from these figures that
for each η, the probability of SU’s interference with PU
remains less than or equal to η for all the backoff param-
eter values, i.e., the interference constraint is not violated.
For a given η, the interference probability for smaller back-
off parameter value is marginally less than that for larger
backoff parameter value. This is so because SU performs
more transmission operations when the backoff parame-
ter value is small (such as ymax/10) as compared to when
the backoff parameter value is large (such as ymax or E[C]).
Although number of collisions also goes up, this increase is
smaller than the increase in number of transmission opera-
tions. Hence, for a given η, pintf is smaller for low BO values
as compared to higher BO values.

In Figs. 6 and 7, we compare the analytical value
of average raw SU throughput (γ̂ ) with the simulation

Fig. 5. Probability of interference of SU with PU (pintf ) for configuration 2.

Fig. 6. Average SU throughput for configuration 1.

Fig. 7. Average SU throughput for configuration 2.

values γr and γs for different η for Configuration-1
and Configuration-2 respectively. The throughput metric
depends on the backoff parameter value (see (14)). As we
see from the graphs, for each η, the analytical and sim-
ulation values match reasonably well for all the backoff
parameter values. We also note that for a given value of η,
smaller backoffs (such as one with mean value of ymax/10)
yield larger SU throughput as the SU tends to use the idle
periods more frequently. For larger backoff values, the SU
skips more idle periods (and therefore misses more trans-
mission opportunities), thereby resulting in lesser average
throughput. More analysis of this metric is given later.

Figs. 8 and 9 show the average sensing overhead
for SU. This metric also depends on the parameter
value of exponentially distributed backoffs (see (19))8. The
terms rsf /ssf in the figure legends denote metric values for
‘raw/successfully transmitted SU frames’. We observe good
match between analytical and simulation values. We also
note that for a given η, smaller backoffs result in higher
sensing overheads for SU as the SU has more random
incidences into the ARP which translates to more sensing
instances.

We now further analyze the results shown in Figs. 6
and 8 for Configuration-1; the analysis applies to
Configuration-2 as well. For any given BO parameter
value, ymax value increases as η increases and hence,
on the average, the SU transmits for longer duration
in each transmission operation. That is, the average SU
frames transmitted per transmission operation increases as

8. Psen in (19) depends on E[BO] because Winc depends on E[BO]
(see (9) and (10)).
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Fig. 8. Average SU sensing overhead for configuration 1.

η increases. Therefore, it is expected that for each backoff
parameter value, the SU throughput (both analytical and
simulation values) will also increase with the increasing η.
However, in Fig. 6, we note that as η increases, the aver-
age SU throughput value increases only when the SU uses
backoff parameter value of E[C] and remains nearly the
same when SU uses backoff parameter value proportional
to ymax (i.e., BO = ymax and BO = ymax/10). The reason
for this is as follows: When SU uses a backoff parameter
value which is directly proportional to ymax (such as ymax or
ymax/10), then the backoff parameter value increases with
increasing η (since the increase in η also increases ymax).
Therefore, for larger η, the SU backs off for larger durations
and hence, number of times the SU senses and transmits
on the channel decreases. So, although on the average, the
SU transmits more number of frames on each transmission
operation as η increases, yet the number of times it per-
forms such transmission operations on sensing the channel
idle decreases. On the other hand, for smaller η, the ymax
values are small, and therefore, the backoff parameter val-
ues are also small. Hence, the average number of frames
transmitted by SU on each transmission operation is less,
but the SU performs these transmission operations more
frequently (because of small backoffs). As a result, the total
number of successfully transmitted SU frames do not vary
much when η increases, and the average SU throughput
remains more or less the same for different values of η.
This result indicates that by making the backoff parameter
value proportional to ymax, we can achieve similar aver-
age SU throughput even for strict interference constraint
scenarios (small η) as we achieve for relaxed interference
scenarios (large η). When SU uses BO = E[C], the backoff
parameter is independent of η and does not increase with
increasing η. However, the number of SU frames transmit-
ted during each of these transmission operation increases
with increasing η. As a result, the SU throughput value
increases with increasing η for BO = E[C].

As explained above, the average SU throughput remains
more or less the same with increasing η when BO value is
proportional to ymax, but the number of times the SU senses
the channel decreases. Therefore, the total time spent in
sensing the channel decreases but the total time spent in
transmitting the frames remains nearly the same (as the
average throughput remains nearly the same). As a result,
for each backoff parameter value, the sensing overhead
(shown in Figs. 8 and 9) decreases as η increases.

Fig. 9. Average SU sensing overhead for configuration 2.

By definition, analytical values of performance metrics
(γ̂ and δ̂) will differ from γs and δs as the analytical
values are computed using raw frames and simulation val-
ues are computed using successfully transmitted frames.
However, as we see from the results, this difference is sta-
tistically negligible for both the configurations. The ymax
value computed for these configurations is large enough to
transmit multiple SU frames (ymax value for Configuration 1
and Configuration 2 is 100.16 ms and 5.08 ms respectively,
and transmission time for one SU frame on the simulated
data channel is 186.2μs). Therefore, the fraction of par-
tially transmitted frame, if any, is amortized by multiple
successfully transmitted frames. Hence, the difference is
statistically negligible.

9.1.3 Comparison of RIBS With Other Schemes
We compare RIBS scheme with three alternative channel
access schemes using simulation. The first scheme, which
we refer to as idle time distribution based scheme (ITBS), is
broadly similar to the Contiguous SU Transmission Strategy
(CSTS) proposed in [3]. In ITBS scheme, SU keeps track
of elapsed idle time in current idle cycle and computes
the probability of interference of its next frame with PU
given the elapsed idle time. It transmits the frame if this
probability is less than or equal to the predefined thresh-
old η; otherwise it continue to senses the channel until it
detects the next idle cycle. In ITBS, the SU needs to sense
the channel continuously to keep track of start of each idle
cycle. The second scheme is based on the theory presented
in [13]. We refer to this scheme as MIL (MILCOM Scheme).
We simulate MIL scheme and apply the presented theory
for exponentially distributed PU activity for a single Base
Station (BS) Scenario. Both ITBS and MIL schemes are com-
pared for a single channel scenario. The third scheme is a
restless multi-arm bandit scheme called Regenerative Cycle
Algorithm (RCA) [14]. Since RCA is meaningful only when
there are multiple arms (channels), we simulate both RCA
and RIBS in a three channel scenario.

We compare these schemes with RIBS with respect to
average SU goodput and sensing overhead. Values of both
the metrics are obtained using simulations. We compare
RIBS and ITBS schemes for Configuration-1. The results
for RIBS are analyzed for each backoff parameter value.
No backoff is performed in ITBS scheme as SU continu-
ously senses the channel. For MIL and RCA simulations,
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Fig. 10. Average SU throughput (RIBS vs ITBS) for configuration 1.

the configuration parameters are specified with the
results.

Fig. 10 shows the average SU goodput for
Configuration-1. We note that ITBS yields higher average
network goodput as compared to RIBS for all values of η

when RIBS uses BO = E[C]. In both the cases (i.e., when
SU uses ITBS, and when it uses RIBS with BO = E[C]), the
average SU goodput increases as η increases. However,
due to large backoff value, the SU using RIBS senses the
channel much less often, and therefore performs fewer
transmission operations. This results in lower SU goodput
as compared to ITBS scheme.

When SU uses RIBS with BO = ymax, the average SU
goodput remains almost the same as η increases (this was
also observed in Fig. 6). For low η, the SU transmits more
often (as the ymax value is less for small η and therefore,
the backoff parameter value is less) and has higher good-
put as compared to ITBS which transmits conservatively for
lower η. However, as η increases, the SU using ITBS starts
transmitting more number of frames in each idle cycle and
its goodput increases, and at η = 0.28, it surpasses RIBS.
Similar is the case when SU uses RIBS with BO = ymax/10,
except that in this case, backoff values are sufficiently small
even for larger values of η. Therefore, when using RIBS, the
SU performs enough number of transmission operations
such that its average goodput exceeds the average good-
put obtained using ITBS for all values of η shown in the
graph.

Fig. 11 shows the sensing overhead of the SU when it
uses the ITBS and RIBS (with different backoff parameter
values). It is intuitive that ITBS, which performs continu-
ous channel sensing to keep track of the start of each idle
period, will have significantly higher sensing overhead, as
compared to the RIBS scheme, which senses the channel
only when it has frames to transmit. As the η increases,
the number of frames transmitted by the SU per transmis-
sion operation also increases, and therefore, the sensing
overhead per SU frame transmission time decreases. As
previously mentioned in the context of Figs. 8 and 9, for
each BO value in RIBS, the sensing overhead decreases as
the η increases. However, these overhead values are very
less as compared to ITBS, and therefore, RIBS curves for
each backoff value overlap and appear as one curve (due
to large scale of Y-axis).

In Table 1, we compare the RIBS and RCA schemes
with 95% Confidence Interval. We run both the schemes

Fig. 11. Average SU sensing overhead (%) (RIBS vs ITBS) for configu-
ration 1.

for three channel scenarios. Channel data rates are taken to
be 11 Mbps and each SU frame size is 4096 bits. For RCA,
we set the transition probabilities from IDLE/BUSY state to
BUSY/IDLE state for the three channels as (0.02, 0.05), (0.07,
0.03), (0.1, 0.9) respectively. These values lead to bursty
channels and are used in [14]. The channel idle periods
obtained using RCA simulations are used to fit idle time
distribution for use in RIBS simulation. In RIBS simulation,
we fit exponential distribution to the idle time values, set η

threshold to 0.1 and backoff value to ymax/10. As shown in
the table, RIBS gives marginally lesser average SU through-
put than RCA at significantly lesser sensing overhead. In
RCA, SU senses the channel at every slot and uses every
idle slot for its frame transmission. However, in RIBS, the
SU may skip some idle periods during backoff thereby
resulting in lesser throughput. But in RIBS scheme, SU
transmits one or more frames on each idle sensing, thereby
resulting in lesser sensing overhead per frame transmission.

Our next simulation experiment is to compare RIBS and
MIL scheme. In these simulations, channel data rate is
taken to be 4 Mbps and each SU frame size is 4096 bits.
PU busy durations are exponentially distributed with rate
λ = 5.0 sec−1. Since the PU constraint in RIBS and MIL
schemes are different (η in RIBS, and ρ and θ in MIL; please
refer to [13] for definition of parameters θ and ρ.), we first
simulate RIBS with η = 0.1 and compute equivalent ρ value
that comes out to be 0.16. We then use ρ = 0.16 in simulat-
ing MIL scheme. θ value is set to 0.08. In MIL scheme, the
SU transmission duration (ON period) depends on λ and ρ

values and is independent of mean idle (OFF) period of PU.
Fig. 12 shows the average SU goodput for different PU busy
duty cycle (Busy duty cycle, DC, of a PU is the proportion of
time when the PU is active) for given λ and ρ values. ymax
duration in RIBS is more than SU’s ON duration in MIL
scheme for given configurations. The average SU through-
put for RIBS scheme is greater than the MIL scheme for
all the duty cycle values, although the difference is much

TABLE 1
Performance of RIBS vs RCA
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Fig. 12. Average SU throughput (RIBS vs MIL).

smaller at heavy duty cycles. The sensing overhead in RIBS
scheme becomes significantly high for large PU busy duty
cycle (from approximately 4 % for duty cycle of 0.7 to 60 %
for duty cycle of 0.9). We have not provided results pertain-
ing to sensing overhead due to space limitation. However,
readers can refer to Fig. 21 in [24] for details. Since MIL
scheme does not sense at all, there is no sensing overhead.
From these results, we can conclude that MIL scheme is
preferable in high busy duty cycle scenarios whereas RIBS
scheme is better in low busy duty cycle scenarios.

9.2 Case 2: Real PU Application Traffic
9.2.1 Simulation Model
We simulate a Primary network, which consist of a single
4 Mbps data channel. The channel is shared by two pairs
of PUs using a simple TDMA protocol. One pair of PU
nodes run Voice-over-IP application (using UDP), whereas
the second pair of PU nodes run TCP/IP-based Web brows-
ing application using HTTP 1.1 protocol. Therefore, the
channel carries a mix of Voice and HTTP traffic. Details
of the parameter values for primary applications are given
in [24]. The measured idle time data shows high variability
(CoV2 = 2.916) and has low mean value (E[I] = 5.224 ms).
Channel idle time distribution due to primary network
activity is fitted to the measured channel idle time val-
ues using the methodology specified in Fig. 3. We fit a
2-phase Hyperexponential distribution (2-HED) to the mea-
sured idle time data set using a tool called EMpht [27],
which is widely used to fit phase type distributions. The

Fig. 13. Probability of interference of SU with PU for 2-HED idle time
distribution (VoIP + Web browsing PU applications).

Fig. 14. Average SU throughput for 2-HED idle time distribution (VoIP +
Web browsing PU applications).

details of distribution fitting are not given in the paper
due to space limitation; they can be found in Section 11.2.2
of [24]. The Secondary network consists of a sender and
a receiver SU node. The sender opportunistically transmits
on the channel using RIBS. We simulate saturated SU traf-
fic profile in which the SU always have enough frames to
consume the available idle period. SU frame size is 1024
bits and acknowledgment frame size is 128 bits.

9.2.2 Results
Since the fitted idle time distribution for realistic PU appli-
cations is 2-phase HED, we empirically selected the backoff
parameter value (please refer to last paragraph of Section 7).
We checked four backoff values: ymax, ymax/10, 2×ymax, and
E[C]. BO = ymax and BO = ymax/10 resulted in violation of
η. Therefore, we have used the other two backoff param-
eter values in our experiments: E[C] and (2 × ymax). The
ymax value for the fitted 2-HED is computed for different
η using Newton Raphson Method. Fig. 13 shows the sim-
ulation value of probability of SU’s interference with PU
transmissions. We see that for each η, the probability of
SU’s interference with PU is less than or equal to η.

In Figs. 14 and 15, we compare the analytical values
(based on raw SU frames) of the performance metrics
(γ̂ and δ̂) with the simulation values computed using
successfully transmitted SU frames (γs and δs). In our sim-
ulation of the network model, which is described in the
beginning of Section 9.2.1, we have simulated MAC layer

Fig. 15. Average SU sensing overhead (%) for 2-HED idle time distribu-
tion (VoIP + Web browsing PU applications).
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Fig. 16. Average HTTP page download response time.

operation of the network. Computing the number of raw
frames transmitted by the SU in simulation would require
the knowledge of exact time instant at which the SU collides
with the PU at physical layer. This would require instru-
menting the PHY layer code of OPNET modeler. Therefore,
we have not recorded the number of raw SU frames in sim-
ulation, and do not report the corresponding simulation
values (γr and δr).

Analytical values of average SU throughput and average
sensing overhead are computed using average SU frames
transmitted per transmission operation ϕ̂ (see (14), (19)).
These analytical values are computed using raw frames
whereas simulation values are computed using successfully
transmitted frames. If the channel mean idle period is very
small (such as in this case), then for low η, the computed
ymax value is small and very few frames are transmitted per
transmission operation. As a result, the fractional part of
any partially transmitted frame per transmission operation
is non-negligible with respect to completely transmitted
frames, and the average number of raw SU frames trans-
mitted per transmission operation is more than the average
number of successfully transmitted frames. The percent-
age difference between these values (raw and successfully
transmitted frames per transmission operation) is signif-
icantly more for small η as compared to large η. Since
the average SU throughput and sensing overhead metrics
depend on the average number of frames transmitted per
transmission operation, their analytical value (computed
using raw frames) is more than their simulation value (com-
puted using successfully transmitted frames) (see Figs. 14
and 15). This difference, which is significant primarily at
low η (such as η = 0.1), reduces with increasing η, because
with increasing η, ymax value increases and the fraction of
partially transmitted frame, if any, is amortized by multiple
successfully transmitted frames. Also note that like syn-
thetic channel occupancy case (Figs. 6 and 7), the average
SU throughput increases with increasing η for BO = E[C]
and remains more or less the same for BO = 2 × ymax. The
average sensing overhead of SU decreases for both backoff
parameter values as η increases.

We now study the performance of PU applications when
SU uses RIBS for opportunistic transmissions (Figs. 16 –
18). In these figures, the value corresponding to η = 0 rep-
resents the performance metric value when only PU nodes
are operational and SU nodes are silent. The other abscissa

Fig. 17. Average end-to-end delay for voice packets.

values (η = 0.10 to 0.35) correspond to the simulation
scenarios in which both PU and SU nodes are operational.

First we consider the case when SU uses the expo-
nential backoff parameter value of 2 × ymax. We see from
Figs. 16 and 17 that as η increases from 0.10 to 0.25 (please
refer to the curve for BO = 2 × ymax), the average page
download response time and the average voice packet
end-to-end delay first increases (i.e., the application per-
formance degrades), and then marginally decreases. The
change in value is more for HTTP page download response
time and very less for end-to-end delay of voice packets.
This observation is counter intuitive. As the interference
probability constraint is relaxed (i.e., η increases), it is
expected that the PU will experience more interference from
SU and primary application performance will decrease (or
equivalently, the page download response time, and the
voice packet end-to-end delay will increase). We trace the
reason for this observation to two facts: First, the back-
off parameter value (2 × ymax) used by SU in this case is
proportional to ymax and second, the way the TCP and
UDP protocols at PU nodes react to collisions at the MAC
layer. As η increases, ymax value increases, and therefore,
the backoff value also increases. For large values of η,
the backoff parameter value is also relatively large. Larger
backoffs by SU results in lesser number of transmission
operations by it, leading to lesser number of collisions. So,
when BO = 2 × ymax, for larger values of η, the number of
collisions between SU and PU decreases with increasing η

Fig. 18. Number of SU transmission operations which collide (interfere)
with PU.
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(see the curve for BO = 2 × ymax in Fig. 18 for η > 0.25).
Decrease in number of collisions for higher η decreases the
number of retransmissions that TCP layer of PU node needs
to performs for web browsing applications. This improves
the average page download response time. On the other
hand, the decrease in number of collisions does not signifi-
cantly affect the average end-to-end delay of voice packets
in VoIP application (see the curve for BO = 2 × ymax in
Fig. 17) as UDP neither waits for acknowledgment nor does
it retransmit any lost voice frames.

We now consider another case where SU uses E[C] as
the exponential backoff parameter value. E[C] is a constant
value (for a given channel configuration), independent of
η or ymax. For small η, the ymax value is small and SU
transmits conservatively. However, it backs off by a dura-
tion that is exponentially distributed with parameter E[C],
which is larger than ymax. Therefore, for small η, the SU
not only transmits conservatively but also transmits less
often. This results in smaller number of collisions of SU
with PU for low η (see the curve for BO = E[C] in Fig. 18).
As the η increases, the ymax value increases and the SU
transmits more number of frames per transmission oper-
ation, but it still backs off with same backoff parameter
value of E[C]. This results in larger number of collisions
of SU with PU as η increases. Since the number of colli-
sions increases as η increases for BO = E[C], the number
of retransmissions made by TCP for web browsing applica-
tion also increases with η. This results in increased average
HTTP page download response time (as shown by the
curve for BO = E[C] in Fig. 16) and performance of the
web browsing application degrades as η increases. The end-
to-end packet delay for VoIP application does not vary
much (see the curve for BO = E[C] in Fig. 17) since it uses
UDP.

In Fig. 16, we note that for both the backoff parameter
values, as the SU starts using the primary channel oppor-
tunistically (from η = 0.1 onwards), the HTTP page response
time increases as compared to η = 0 when only PU nodes
use the channel. This is expected. However, we note that in
Fig. 17, the end-to-end VoIP packet delay value decreases
from approximately 0.127 sec for η = 0.0 to 0.1235 sec for
η = 0.1. This is due to the following reason: When SU
starts using the channel opportunistically (from η = 0.1
onwards) and an SU packet collides with the HTTP packet,
the SU node backs off and the HTTP node goes into con-
gestion control mode. TCP layer at the HTTP node doubles
its RTO value and decreases its congestion window size,
due to which the HTTP node offers less load on the chan-
nel. As a result, the VoIP application gets more bandwidth
until either the SU node tries to re-access the channel after
its backoff or TCP congestion window size of HTTP node
increases. Due to space limitation, we have not provided
the results for comparison of RIBS and ITBS schemes in
real PU application traffic case. These results are available
in Section 11.2.3 of [24].

10 CONCLUSION AND FUTURE WORK

RIBS scheme proposed in this paper enables an SU to
opportunistically transmit on a primary channel, while
ensuring that the probability of interference of SU with

PU remains below a given threshold. It also significantly
decreases the channel sensing overhead for SU as compared
to the idle time distribution based approaches.

We have seen from results that the exponential backoff
parameter used in RIBS not only affects SU throughput and
sensing overhead but also affects primary application per-
formance. Therefore, selection of backoff parameter value is
critical. For those idle time distributions, such as uniform,
for which ymax can be computed exactly (in closed form),
the backoff parameter value can be decided analytically
depending on the acceptable sensing overhead. However,
for some other idle time distributions (such as Erlang or
HED), the ymax value is only approximate as it is computed
by solving the constraint inequalities using iterative numer-
ical methods (such as Newton Raphson method). In such
cases, the SU should either empirically select the backoff
parameter value, or appropriately adapt the value at run
time.

We describe two main areas of future work, which
are related to the research work reported in this paper.
First, RIBS can be modified to incorporate missed detec-
tion and false alarm during sensing. Second, opportunistic
channel access schemes for SU needs to be developed for
CSMA-based primary networks, such as WLAN, under
Hierarchical Access Model. Current research works do not
address performance degradation of PU due to deferment
of channel access (caused by backoff) in such networks.
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