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Abstract—We propose the cross-layer based opportunistic
multi-channel medium access control (MAC) protocols, which
integrate the spectrum sensing at physical (PHY) layer with
the packet scheduling at MAC layer, for the wireless ad hoc
networks. Specifically, the MAC protocols enable the secondary
users to identify and utilize the leftover frequency spectrum
in a way that constrains the level of interference to the primary users. In our proposed protocols, each secondary user
is equipped with two transceivers. One transceiver is tuned
to the dedicated control channel, while the other is designed
specifically as a cognitive radio that can periodically sense and
dynamically use the identified un-used channels. To obtain the
channel state accurately, we propose two collaborative channel
spectrum-sensing policies, namely, the random sensing policy
and the negotiation-based sensing policy, to help the MAC
protocols detect the availability of leftover channels. Under the
random sensing policy, each secondary user just randomly selects
one of the channels for sensing. On the other hand, under
the negotiation-based sensing policy, different secondary users
attempt to select the distinct channels to sense by overhearing
the control packets over the control channel. We develop the
Markov chain model and the M/GY /1-based queueing model
to characterize the performance of our proposed multi-channel
MAC protocols under the two types of channel-sensing policies
for the saturation network and the non-saturation network
scenarios, respectively. In the non-saturation network case, we
quantitatively identify the tradeoff between the aggregate traffic
throughput and the packet transmission delay, which can provide
the insightful guidelines to improve the delay-QoS provisionings
over cognitive radio wireless networks.
Index Terms—Cognitive radio, multi-channel MAC, opportunistic spectrum access, cross-layer design, M/GY /1 queueing
theory, QoS provisionings.

I. I NTRODUCTION

T

HE RAPID growth in the ubiquitous wireless services
has imposed increasing stress on the fixed and limited
radio spectrum. Allocating a fixed frequency band to each
wireless service, which is the current frequency allocation
policies, is an easy and natural approach to eliminate interference between different wireless services. However, extensive
measurements reported indicate that the static frequency allocation results in a low utilization (only 6%) of the licensed
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radio spectrum in most of the time [1]. Even when a channel
is actively used, the bursty nature of most data traffics still
implies that a great deal of opportunities exist in using the
spare spectrum.
In order to better utilize the licensed spectrum, the Federal
Communication Committee (FCC) has recently suggested
a new concept/policy for dynamically allocating the spectrum [2]. Consequently, a promising implementation technique
of this concept, called the cognitive radio, is proposed to take
advantage of this more open spectrum policy for alleviating the
severe scarcity of spectrum bandwidth. Cognitive radio is typically built on the software-defined radio (SDR) technology,
in which the transmitter’s operating parameters, such as the
frequency range, modulation type, and maximum transmission
power can be dynamically adjusted by software [3]. In the
cognitive radio networks, the secondary (unlicensed) users
can periodically scan and identify the leftover1 channels in
the spectrum. Based on the scanned results, the secondary
users dynamically tune their transceivers to the identified spare
channel spectrum to communicate among themselves without interfering the communications of the primary (licensed)
users.
Although the basic idea of cognitive radio is simple, the
efficient design of cognitive radio networks imposes the new
challenges that are not present in the conventional wireless
networks [4]–[7]. Specifically, identifying the time-varying
channel availability imposes a number of nontrivial design
problems to the medium access control (MAC) layer. One
of the most difficult, but important, design problems is how
the secondary users decide when and which channel they
should tune to in order to transmit/receive the secondary users’
packets without affecting the communications among the
primary users. This problem becomes even more challenging
in wireless ad hoc networks where there are no centralized
controllers, such as basestations or accessing points.
The research community has proposed several decentralized
opportunistic MAC protocols [8]–[14]. In particular, the authors of [8], [9] developed a cognitive-radio MAC protocol
based on the partially observable Markov decision processes
(POMDPs) framework. Although this policy can well exploit
the available frequency spectrum, its implementation is complicated and hardware-constrained because each secondary
user needs to be equipped with multiple sensors to detect
1 We use the words of leftover and un-used interchangeably in the rest of
this paper.
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the channel activity in their scheme. The authors of [10]
proposed the dynamic open spectrum sharing (DOSS) MAC
protocol, which is also costly as it requires three separate sets
of transceivers to operate on the control channel, data channel,
and busy-tone channel, respectively. The authors of [11] proposed the cognitive MAC with statistical channel allocation,
in which the secondary users select the channel that has the
highest successful transmission probability to send packets
based on the channel statistics. However, the computational
complexity for determining the successful transmission probabilities increases quickly with the number of licensed channels.
The author of [12] proposed a multi-channel opportunistic
MAC protocol, which however targets only at the Global
System for Mobile Communications (GSM) cellular networks.
The authors of [13] developed a multi-channel cognitive MAC
protocol, called C-MAC, which, however, does not differentiate the primary users and the secondary users. In [14], we
developed a simple, but efficient, random sensing policy based
opportunistic MAC protocol without taking into account the
channel bonding/aggregation techniques. In addition, all these
pervious works do not address the delay analyses, which play
an important role in designing the QoS-provisionings over
cognitive radio wireless networks.
To amend the aforementioned problems of the existing
schemes, in this paper we propose the cross-layer based opportunistic multi-channel MAC protocols for wireless ad hoc networks. Our proposed schemes integrate the spectrum sensing
policy at the physical (PHY) layer with packet scheduling at
the MAC layer. Under our proposed schemes, each secondary
user consists of a control transceiver working on the dedicated
control channel and a SDR-based transceiver that can be
dynamically tuned to any one of the licensed channels to
sense for the spare spectrum, and then to receive/transmit the
secondary users’ packets. To detect the availability of the leftover channels, we propose the following two channel sensing
policies, 1) the simple, but efficient, random sensing policy;
2) the performance-enhanced negotiation-based sensing policy.
Our schemes smoothly coordinate the two transceivers of
the secondary users, enabling them to collaboratively sense
and dynamically utilize the available frequency spectrum. In
addition, our proposed cognitive-radio MAC protocols do not
need any centralized controllers.
We also rigorously analyze the throughput and the delayQoS performances of our proposed schemes for the saturation
network and the non-saturation network cases, respectively.
First, in the saturation network case, where the secondary users
always have non-empty queues, we develop the Markov chain
model to analyze the saturation throughput for our proposed
schemes. Second, based on the M/GY /1 queueing theory,
we also develop an analytical model to investigate the more
generalized non-saturation network case, in which the packet
arrivals are characterized by a Poisson process. The average
aggregate throughput and the average delay analyses derived

Fig. 2.
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for non-saturation network case can help devise the important
parameters, such as the packet arrival rate, to support the QoS
requirements for wireless networks.
The rest of this paper is organized as follows. Section II
introduces the primary users’ channel-usage model. Section III
develops our proposed opportunistic multi-channel MAC protocols. Section IV develops the analytical model to analyze
our proposed MAC protocols in the saturation network case.
Applying the M/GY /1 queuing model, Section V analyzes
the packet transmission delay and throughput of our proposed
cognitive-radio MAC protocols in the non-saturation network
case. Section VI evaluates our multi-channel MAC protocols
based on our developed analytical models. The paper concludes with Section VII.
II. T HE P RIMARY U SERS ’ C HANNEL -U SAGE M ODEL
As shown in Fig. 1, we consider a licensed spectrum band
consisting of n channels. Each licensed channel is timeslotted such that the primary users communicate with each
other in a synchronous manner. Meanwhile, a number of
secondary users, which are synchronized with the primary
users, opportunistically access the licensed spectrum without
imposing interference to the primary users. In this paper, we
mainly focus on the scenarios where all secondary users utilize
the licensed channels used by the same set of primary users.
This implies that the licensed channel availability information
sensed by each secondary users is consistent among all secondary users. We model each channel as an ON-OFF source
alternating between state ON (active) and state OFF (inactive).
An ON/OFF channel usage model specifies a time slot in
which the primary user signals is or isn’t occupying a channel.
The secondary users can utilize the OFF time slot to transmit
their own packets. Suppose that each channel changes its state
independently. Let αi be the probability that the i-th channel
transits from state ON to state OFF and βi be the probability
that the i-th channel transits from state OFF to state ON, where
1 ≤ i ≤ n. Then, the channel state can be characterized by a
two-state Markov chain as shown in Fig. 2.
For the i-th channel in time slot indexed by t with t =
1, 2, · · · , T, (T + 1), (T + 2), · · · , the state of the i-th channel,
denoted by Ii (t), corresponds to a binary random variable,
with 0 and 1 representing the idle and the active states,
respectively. Hence, sensing a given channel produces a binary
random sequence. The network state in the t-th time slot
can be characterized as [I1 (t), I2 (t), · · ·, In (t)]. Then, the i-th
channel utilization, denoted by γi , with respect to the primary
users, can be written as:
T
βi
t=1 Ii (t)
=
γi = lim
,
(1)
T →∞
T
αi + βi
where 1 ≤ i ≤ n.
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III. O UR P ROPOSED M ULTI -C HANNEL MAC P ROTOCOLS
A. Overview
In our proposed cognitive radio-based multi-channel
MAC protocols, each secondary user is equipped with
two transceivers. The first transceiver (called the control
transceiver) is devoted to operating over the dedicated control
channel. The secondary users use their control transceivers
to obtain the information of the un-used licensed channels,
and to negotiate with the other secondary users through the
contention-based algorithms, such as IEEE 802.11 distributed
coordination function (DCF) [15] and p-persistent Carrier
Sense Multiple Access (CSMA) [16] protocols. The second
transceiver consists of a SDR module such that it can tune to
any one of the n licensed channels to sense for spare spectrum,
receive/transmit the secondary users’ packets. For convenience, we call the first transceiver the control transceiver and
the second transceiver the SDR transceiver, respectively, in the
rest of this paper. Our protocols do not need any centralized
controllers, which is an attractive feature for all distributed
wireless ad hoc networks.
Fig. 3 shows the principle of our proposed schemes. In
the control channel, the time axis is divided into a number
of periodical time slots. All the time slots of the control
channel have the same length as those of licensed channels
and the slots of both control channel and licensed channels are
synchronized. In the control channel, each slot is divided into
two phases, namely, the reporting phase and the negotiating
phase. The reporting phase can be further divided into n minislots, each of them corresponding to one of the n licensed
channels.
Fig. 4 describes the pseudo code for our proposed scheme.
At the beginning of each time slot, secondary users sense the
licensed channels, and then report the channel state by sending
the beacons in the mini-slots. Since each secondary user is
equipped with only one SDR transceiver, which can operate
on one channel at a time, it cannot accurately know the states
of all the channels by itself. The goal of the channel-statereport process is to enable the secondary users to have a large
picture of all the channels’ states through their cooperations. In
particular, the secondary users use SDR transceivers to sense
one of n licensed channels, say i-th channel, (1 ≤ i ≤ n). If
the secondary user perceives that the i-th channel is idle, then
it uses the control transceiver to send a beacon during the i-th
mini-slot over the control channel. Otherwise, it does not send
any beacons. Each mini-slot lasts for Tms time units, which

Reporting phase:
For Control transceiver:
02.
Listens on the control channel
03.
Upon receiving a beacon at k-th mini-slot
04.
N AC := N AC + 1 //Update number of un-used chs.
05.
LAC(N AC) := k //Update list of un-used chs.
06.
Upon Informed by SDR that j-th channel is idle
07.
Send a beacon at j-th mini-slot
08.
N AC := N AC + 1 //Update number of un-used chs.
09.
LAC(N AC) := k //Update list of un-used chs.
For SDR transceiver:
10.
Senses channel j which is decided by the sensing policy.
11.
If channel j is idle
12.
Inform Control transceiver that j-th channel is idle
Negotiating phase:
For Control transceiver:
13.
Upon receiving RTS
14.
Update the channel it will sense according to sensing policy
15.
send CTS to source node
16.
Upon receiving CTS
17.
Update the channel it will sense according to sensing policy
18.
If destination address is myself //negotiation is succeeded
19.
Set send f lag := 1 at the end of this phase
20.
If the outgoing queue is not empty
21.
Contend to send RTS to the destination node
For SDR transceiver:
22.
If send f lag = 1
23.
send f lag := 0
24.
Transmit the data packets over all the channels in LAC
Fig. 4. Pseudo code of the MAC protocol for the secondary users, where
N AC is the number of identified un-used channels, LAC is the list of
identified un-used channels.

is set to be long enough to determine whether channel is busy
or not. Following the settings in IEEE 802.11a [15], we set
Tms to be equal to 9 µs in the rest of this paper. Clearly,
if each of the n licensed channels is sensed by at least one
secondary user, all the secondary users get the information
about the activity of the entire licensed spectrum. We develop
the channel sensing policies which aim at gaining as much
channel information as possible in Section III-C. If we denote
TS , TRP , and TN P as the time duration of the time slot, the
reporting phase, and the negotiating phase, respectively, then
we obtain:
TS = TRP + TN P = nTms + TN P .

(2)

During the negotiating phase, the secondary users use
the control transceivers to negotiate about the data channels
among the secondary users by exchanging request-to-send
(RTS) and clear-to-send (CTS) packets over the control channel. Meanwhile, the only secondary user which is the winner
in contending for the data channels during the last time slot
uses the SDR transceiver to transmit data packets over all the
un-used licensed channels in the current time slot.
B. Channel Negotiation and Data Exchange
When a secondary user wants to initiate a transmission, it
follows the p-persistent CSMA protocol to access the control
channel to negotiate with the receiver. Particularly, the sender
listens to the control channel and waits until it becomes
idle. Then, it transmits the RTS packet with probability p.
After the secondary user successfully receives CTS packet
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since sending the last RTS, it gets the permission to transmit
data packets in the coming next time slot. By using the
channel bonding/aggregation techniques [17], this secondary
user utilizes all leftover channels collectively to transmit the
data packets.
Note that in our proposed scheme, the secondary users do
not send the data packets over the licensed channels immediately after they successfully reserve the data channels at
the same time slot. Instead, the secondary users transmit data
packets in the next following time slot after they successfully
exchange RTS/CTS packets with their destination secondaryusers in the current time slot.

C. Channel Sensing Policies
To identify which channels are idle (i.e., not used by the
primary users), the secondary users need a channel sensing
policy to dynamically detect the states of channels. We develop two simple, but efficient, sensing mechanisms, namely,
the random sensing policy (RSP) and the negotiation-based
sensing policy (NSP) in this paper. Our following analyses
show that our proposed schemes can efficiently utilize the unused frequency spectrum. We start with the simple random
sensing policy, and then describe the enhanced negotiationbased sensing policy.
In the random sensing policy, the secondary users cooperate
to sense the licensed channels. Each secondary user randomly
chooses one of the n licensed channels for sensing. The chosen
channels among all the secondary users are independent and
identically distributed (i.i.d.). Let u, where u = 1, 2, · · · ,
be the number of secondary users in the networks. Define
a random variable, Su , which stands for the total number of
distinct channels that the secondary users have sensed given
that there are u secondary users. Then, we develop a Markov
chain model to calculate the probability mass function (pmf)
of Su , denoted by Pr{Su = s}, that the number of channels
sensed by the secondary users is s with s = 0, 1, · · ·, n. Each
secondary user independently and uniformly selects one of the
n channels with probability of 1/n. We can model the channel
sensing process as a Markov chain, {Su }, having (n+1) states,
as shown in Fig. 5, where the variable in the circle represents
the number of channels sensed by the secondary users. The
transition probability, denoted by qi,j , of the Markov chain
can be written as
⎧ i
j = i,
⎨ n,
qi,j  Pr{Su+1 = j|Su = i} =
(3)
1 − ni , j = i + 1,
⎩
0,
otherwise,
where i, j = 0, 1, 2, · · ·, n. Thus, we are able to derive the
probability transition matrix for the Markov chain {Su },

denoted by Q, as follows:
Q  {qi,j }
⎡
0 1
⎢ 0 1
n
⎢
⎢ .. ..
⎢ . .
⎢
⎢ 0 0
=⎢
⎢ 0 0
⎢
⎢ . .
⎢ .. ..
⎢
⎣ 0 0
0 0

··· 0
··· 0
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. .
· · · ni
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⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
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⎥
⎥
⎥
⎥
⎦

(4)

(n+1)×
(n+1)

where qi,j is defined by Eq. (3). Note that Q is an (n + 1) ×
(n + 1) upper bidiagonal matrix. The probability Pr{Su = s}
that the number of sensed channels is s on the condition that
the number of secondary users is u is equivalent to the u-step
transition probability from the state of 0 to the state of s for
the Markov chain {Su }, which can be expressed as
Pr{Su = s} = Qu |(0,s) ,

(5)

where X|(i,j) denotes the element in position row i and
column j of matrix X. Clearly, the probability that all
the licensed channels are sensed by the secondary users
(i.e., Pr{Su = n}) only depends on the number of secondary
users (i.e., u), and this probability gets larger when u increases. Using Eq. (5) to get the numerical results, we can
further obtain the relationship between the number of secondary users and the number of sensed channels. For example,
in the case where the number of licensed channels is 10, the
probability that all licensed channels are sensed is close to
0.95 when u = 50, but this probability reduces to only 0.036
when u is equal to the number of licensed channels. Based on
these observations, we obtain the following Facts.
Fact 1: In the random sensing policy, the more the number
of secondary users is, the more likely the number of sensed
channels is large.
We further study the asymptotical case in terms of the
number of secondary users. When the number of secondary
users goes to infinity, Eq. (5) can be rewritten as:
lim Pr{Su = s} =

u→∞

1, s = n
0, 0 ≤ s ≤ (n − 1),

(6)

which leads to the following Fact.
Fact 2: When the number of secondary users is large
enough, the secondary users can sense all of the licensed
channels even using the simple random sensing policy.
However, the simple channel-sensing policy is not good
enough when the number of secondary users is smaller than or
close to the number of the licensed channels. To amend this
weakness of the random sensing policy, we further propose
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the negotiation-based sensing policy. The basic idea of the
negotiation-based sensing policy is to let the secondary users
know which channels are already sensed by their neighboring
secondary users, and then select the different channels to sense
at the next time slot.
From the view point of the secondary users, there are three
types of channels in any given t-th time slot, including 1) the
set of channels, denoted by B0 (t), that are idle and sensed by
the secondary users, 2) the set of channels, denoted by B1 (t),
that are busy and sensed by the secondary users, and 3) the
set of channels, denoted by B2 (t), that are not sensed by the
secondary users. Note that B0 (t) is also the set of mini-slots
during which the beacon are sent, while (B1 (t) ∪ B2 (t)) is
the set of mini-slots during which no beacons appear in t-th
time slot. Let |B0 (t)|, |B1 (t)|, and |B2 (t)| be the cardinalities
of B0 (t), B1 (t), and B2 (t), respectively.
At the very beginning, the negotiation-based sensing policy
also requires the secondary users to randomly select a licensed
channel to sense, and then report the channel state by sending
beacons in the reporting phase. Under the negotiation-based
sensing policy, each RTS/CTS packet has a byte of special
field containing the sensed channel information. During the
negotiating phase, the secondary users include the information
of the channel they have sensed into the RTS/CTS packets.
When the secondary users exchange the RTS/CTS packets, the
neighboring secondary users overhear these ongoing RTS/CTS
packets transmitted, and then know whether they have sensed
the same channels. If there are neighboring secondary users
that sense the same channels as the sender in t-th time slot,
each of them will sense another different licensed channel in
the (t + 1)-th time slot, which is randomly picked up from the
set of (B1 (t) ∪ B2 (t)).
Intuitively, the negotiation-based sensing policy will eventually attain the desired state, where all the channels are sensed
by the secondary users if the number of secondary users are
larger than or equal to the number channels, or otherwise each
channel is sensed by no more than one secondary user. We
show that the desired state is attainable by the negotiationbased sensing policy in the following discussions, and we will
also evaluate how long it takes to attain the desired state in
Section V.
To prove that the desired state is attainable, we first present
the following proposition.
Proposition 1: (Non-decreasing Property) For the negotiation-based sensing policy, the number of licensed channels
which are sensed by the secondary users in the (t + 1)-th time
slot is always larger than or equal to that in the t-th time slot,
for any given t = 0, 1, 2, · · · .
Proof: The proof is detailed in Appendix A.
Proposition 2: If the number of secondary users is larger
than or equal to the number of licensed channels, all the
licensed channels can be eventually sensed by using the
negotiation-based sensing policy.
Proof: Since the number of licensed channels that are
sensed is non-decreasing function in terms of time index
as shown in Proposition 1, the number of sensed channels
continues to increase with some probability before all the
channels are sensed. Thus, Proposition 2 follows, which shows
that the desired state is attainable.

IV. T HROUGHPUT A NALYSES FOR T HE S ATURATION
N ETWORK C ASE
Without loss of generality, we adopt p-persistent CSMA as
the data channel accessing scheme for the secondary users
during the negotiating phase. In this section, we develop an
analytical model to analyze the aggregate throughput of our
proposed scheme based on the channel sensing policies and
p-persistent CSMA scheme under the saturation network case.

A. The p-persistent CSMA Scheme for Negotiating Phase
Under the p-persistent CSMA protocol, if the channel
is detected as busy, the secondary user with a non-empty
queue waits until channel becomes idle, and then transmits
the packet with probability p. We consider the saturation
networks, where each secondary user always has non-empty
queue. Thus, all the secondary users contend for sending the
RTS packets during the negotiating phase by using p-persistent
CSMA. If we denote Tsucc and Tcoll as the time spent by a
successful transmission and the time spent by an unsuccessful
transmission, respectively, then we have
Tsucc = RT S + SIF S + CT S + DIF S,
Tcoll = RT S + DIF S,

(7)

where RT S is the time spent by sending a RTS packet, CT S
is the time spent by sending a CTS packet, SIF S is the time
interval of short inter-frame space (SIFS), and DIF S is the
time interval of DCF inter-frame space (DIFS).
In the p-persistent CSMA, if we denote Pidle , Psucc , and
Pcoll as the probability that the channel is idle, the probability
that a node successfully transmits an RTS packet, and the
probability that the collision occurs, respectively, then we
obtain
⎧
⎨ Pidle = (1 − p)u ,
Psucc = up(1 − p)u−1 ,
(8)
⎩
Pcoll = 1 − (1 − p)u − up(1 − p)u−1 ,
where u is the number of secondary users. Further, we can
calculate the average time, denoted by T (p, u), used for a
successful transmission as follows:
Tms Pidle + Tsucc Psucc + Tcoll Pcoll
T (p, u) =
,
(9)
Psucc
where Tms is the length of a mini-slot. To ensure that
the secondary users can successfully exchange the RTS/CTS
packets, T (p, u) should be shorter than or equal to the length
of negotiating phase, that is,
T (p, u) ≤ TN P ,

(10)

where TN P is defined in Eq. (2).
B. The Aggregate Throughput for the Saturation Networks
We study the aggregate saturation network throughput of the
secondary users, each of which has a non-empty queue and
always contends for data channels. We derive the throughput
based on the random sensing policy and the throughput for
the negotiation-based sensing policy, respectively, as follows.
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B.1. The Random Sensing Policy Scheme.
Let M (t) be the random number of the un-used channels at
the t-th time slot. Suppose that there are n licensed channels
and all licensed channels have the same channel utilization,
denoted by γ, with respect to the primary users, i.e.,
γ = γi = γj , ∀ 1 ≤ i, j ≤ n and i = j,

(11)

where γi is determined by Eq. (1). Since the states among
the n licensed channels are independent and the probability
that the channel is active is γ, M (t) follows the binomial
distribution, that is,
Pr{M (t) = m} =

n n−m
(1 − γ)m .
γ
m

(12)

Suppose that the secondary users can always sense the channels correctly. Similar to the analyses described in Section III,
we can use a Markov chain to derive the distribution of the
number of un-used channels identified by the secondary users.
Given M (t) = m at t-th time slot, we can get the conditional
transition probabilities, denoted by wi,j with 0 ≤ i, j ≤ m, as
follows:
⎧
 m−i 
⎪
⎨ 1 −  n , i = j,
m−i
(13)
Pr{wi,j |M (t) = m} =
,
j = i + 1,
n
⎪
⎩ 0,
otherwise.
where 0 ≤ m ≤ n. Given M (t) = m, the above transition probabilities generate the probability transition matrix,
denoted by Wm , which is a (m + 1) × (m + 1) upper
bidiagonal matrix. Let u be the number of secondary users.
Given M (t) = m, we obtain the probability that the random
number, denoted by LRSP (t), of un-used channels perceived
by the secondary users is equal to i at t-th time slot, as follows:
Pr{LRSP (t) = i|M (t) = m} = (Wm )u |(0,i) ,

(14)

where 0 ≤ i ≤ m, and X|(i,j) represents the element in
position row i and column j of matrix X. Using Eqs. (14)
and (12), we can obtain the pmf for the number of identified
un-used channels as follows:
Pr{LRSP (t) = i}
n
= m=0 Pr{M (t) = m} Pr{LRSP (t) = i|M (t) = m}
n  n  n−m
(1−γ)m [(Wm )u |(0,i) ], 0 ≤ i ≤ n,
m=i m γ
=
(15)
0,
otherwise
If we let LRSP be the average number of leftover channels
that the secondary users can utilize, then we obtain
LRSP =

n


i Pr{LRSP (t) = i}.

(16)

i=0

Let the data rate of i-th licensed channel for the secondary
users be Ri , where 0 ≤ i ≤ n. Without loss of generality, we
assume that all the n licensed channels have the same bandwidth, i.e., Ri = Rj = R, ∀ 0 ≤ i, j ≤ n and i = j. Since
the transmission over the data channels are contention-free in
our proposed protocols, we obtain the aggregate throughput,
denoted by θRSP , for the secondary users as follows:
θRSP =

LRSP RTN P
,
TS

(17)
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where the factor of TN P /TS is due to the fact that the data
transmission starts immediately after the reporting phase and
continues for a period of TN P in every time slot.
B.2. The Negotiation-Based Sensing Policy Scheme.
We study the saturation network throughput achieved by the
negotiation-based sensing policy after it attains the desired
state. We obtain the probability that the random number,
denoted by LN SP (t), of un-used channels perceived by the
secondary users is equal to i at the t-th time slot as follows:
Pr{LN SP (t) = i}
⎧ n
n−i
⎪
(1 − γ)i , u ≥ n and 0 ≤ i ≤ n,
⎨  i γ
u u−i
=
(1 − γ)i , u < n and 0 ≤ i ≤ u,
i γ
⎪
⎩ 0,
otherwise.

(18)

If we let LN SP be the average number of un-used channels
that the secondary users can utilize for negotiation-based
sensing policy, then we obtain
LN SP =

n


i Pr{LN SP (t) = i}.

(19)

i=0

Then, we get the aggregate throughput, denoted by θN SP , for
the saturation networks under the negotiation-based sensing
policy as follows:
θN SP =

LN SP RTN P
.
TS

(20)

V. T HROUGHPUT AND PACKET T RANSMISSION D ELAY
A NALYSES FOR T HE N ON -S ATURATION N ETWORK C ASE
In this section, we analyze the our proposed protocols’ performance, including the aggregate throughput, queueing delay,
and service delay for the non-saturation-network case, where
the secondary users may have the empty queues. Without loss
of generality while making the analysis trackable, we assume
that the packets of the secondary users arrive according to
the Poisson process with a mean arrival rate λ [16] [18] [19].
For convenience of presentation, we call the procedure, during
which a secondary user successfully reserves the data channels
and transmits data packets, a service procedure, or simply, a
service, in the following discussions.
Thanks to the channel-bonding technology, the secondary
users can send multiple data packets during every time slot
which they have successfully reserved in the negotiating
phases. Note that the number of data packets that a secondary
user can send at a time slot depends on the number of
identified un-used channels during that time slot, which is a
random variable. This implies that the service capacity for the
secondary users varies from time slot to time slot.
Therefore, for this non-saturation-network case, we use
the single-server bulk-service queueing model, M/GY /1, to
investigate the aggregate throughput, queueing delay, and
service delay, where Y stands for the variable service capacity.
To derive the queueing delay and aggregate throughput, we
need to obtain the equilibrium-state distribution of the number
of buffered packets in the queue for any given secondary user
at any random points. We start with studying the random
number, Nτ+ , τ = 0, 1, 2, · · · , where τ is used to index the
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services, of the packets in the system for a given secondary
user immediately after the τ -th service. The probability, denoted by Pj+ , that the system has j packets in the equilibrium
state can be expressed as:
Pj+ = lim Pr{Nτ+ = j}.
τ →∞

(21)

Let Yτ , τ = 0, 1, 2, · · · be the service capacity during
the τ -th service. That is, the given secondary user can send
min{Yτ , entire queue length} packets during the τ -th service.
The distribution of Yτ depends on the number of identified
un-used channels, and thus we obtain Yτ ’s distributions for
random sensing and negotiation-based sensing policies, respectively, as follows:
Pr{Yτ = i} =

Pr{LRSP (τ ) = i} TNP R , for RSP,
(22)
Pr{LN SP (τ ) = i} TNP R , for NSP.

where  is the length of the data packets, R is the data rate for
each channel, TN P is the length of the negotiating phase, and
the distributions of LRSP and LN SP during the τ -th service
are characterized by Eqs. (15) and (18), respectively. Then,
the pmf, denoted by yi , that the given secondary user sends i
data packets during a service at the equilibrium state, can be
determined by
yi = lim Pr{Yτ = i}.
τ →∞

(23)

Note that the sequence of {yi } is independent of the arrival
process of the packets for a given secondary user. Then, we get
the average number, denoted by y, of packets that a secondary
user can send during a service as follows:
y=

LRSP  TNP R , for RSP,
LN SP  TNP R , for NSP,

(24)

Consequently, we can calculate the system utilization, denoted
by ρ, as follows:
ρ

λu
λE[V ]
=
,
y
y

(29)

where y is given by Eq. (24). For the equilibrium-state
probability distribution to exist, ρ should be less than 1.
Let ψ be the random number of arrived packets for a
given secondary user during the τ -th service. Since the packet
arrivals comply with the Poisson process, given that the service
period has v time slots, we obtain the probability that the
number of arrived packets is j as follows:
Pr{ψ = j|V = v} =

e−λv (λv)j
.
j!

(30)

Removing the conditioning on V in Eq. (30), we get the
probability that the number of arrived packets is j as follows:
Pr{ψ = j}

=
=

∞


Pr{ψ = j|V = v} Pr{V = v}

v=1
∞



e−λv (λv)j 
ps (1 − ps )v−1 . (31)
j!
v=1

Then, we get the PGF, denoted by Ψ(z), of Pr{ψ = j} as
follows:
∞

Pr{ψ = j}z j
Ψ(z) =
j=0

=

∞ 
∞


e−λv (λv)j 
ps (1 − ps )v−1 z j
j!
j=0 v=1

=

eλ(z−1)
.
u − (u − 1)eλ(z−1)

(32)

where LRSP and LN SP are given by Eqs. (16) and (19),
respectively. We define


φj  nm=j ym ,
n
(25)
Φj (z)  m=j ym z m ,

Based on [20], the PGF, denoted by P + (z), of Pj+ can be
derived as
n
P + [z n φi − z i Φi (z −1 )]

P + (z) = i=0 i
.
(33)
1
z n Ψ(z)
− Φ0 (z −1 )

where j = 0, 1, 2, · · · and n is the number of licensed channels. Note that Φ0 (z) is the probability generating function
(PGF) for {yi } and Φ0 (1) = φ0 .
Let ps be the probability that a given secondary user can
successfully reserve the data channels and V be the number
of time slots spent to successfully reserve the data channels
(i.e., service period) respectively. Since the p-persistent CSMA
scheme is fair to each secondary user, ps is inversely proportional to the number of secondary users (u), i.e.,

Setting the denominator of Eq. (33) to be zero, we have

1
.
(26)
u
Then, the service period, denoted by V , follows the geometric
distribution, which has the following pmf:
ps =

(u − 1)v−1
,
(27)
uv
where v = 1, 2, · · · . Thus, we can get the average service
period, denoted by E[V ] for a given secondary user as follows:
Pr{V = v} = ps (1 − ps )v−1 =

E[V ] =

1
= u.
ps

(28)

Ψ(z)Φ0 (z −1 ) = 1.

(34)

Solving Eq. (34), we can obtain (n − 1) roots, denoted by
z1 , z2 , · · · , zn−1 , respectively, which are located inside the
unit circle, and one root which is located on the unit cirby Eq. (35),where
cle [21]. Therefore, Pj+ can be
 determined
n−1
j
aj is the coefficient of z in (1 − z) i=1 (1 − zzi−1 ) , with
0 ≤ j ≤ n.
The average number of packets, denoted by L+ , buffered in
the system after a service at the equilibrium state is the first
moment of Nτ+ , and thus can be obtained by Eq. (36), where
f (i) (·) indicates the i-th derivative of f (·).
After obtaining all the probability properties of the
equilibrium-state number, Nτ+ , of packets buffered in the system, we proceed to study the properties for number of packets
in the queue at any random point. Let Nq be the equilibriumstate number of packets in the queue at a random point in time
for a given secondary user and let Pj = Pr{Nq = j} be the
probability that the queue for any given secondary user has
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Pj+

125

⎧
n−1
(y/yn )(1 − ρ) i=1 zi (zi − 1)−1 ,
j = 0,
⎪
⎪

⎪
n−1
+
+
⎪
⎨ P
a
−
P
y
/y
,
1
≤ j < n,
j
i
n
i=n−j j−n+i
0
j−1 +
=
+
+
Pr{ψ = j − i}
⎪ P0 Pr{ψ = j − n}aj yj + Pj−n − yn i=n P
⎪
i
⎪


⎪
n−1
j−n
+
⎩
− i=0
k=0 Pj+i−k−n yi Pr{ψ = k} / (yn Pr{ψ = 0}) , j ≥ n,

(35)


n−1
(2)
d + 
λ2 Ψ(2) (1) + Φ0 (1) 1 − n + ρ(n − ρy) 
L =
P (z)
+
+
=
(1 − zi )−1 .
dz
2y(1
−
ρ)
1
−
ρ
z=1
i=1
+

TABLE I
T HE PARAMETERS FOR OUR PROPOSED SCHEMES .

j packets at a random point in the equilibrium state. Then,
applying the results of [21], we obtain the PGF, denoted by
Pq (z), for Pj as follows:
Pq (z) =

∞


RTS
CTS

Tms
TS
SIFS
DIFS
p
R

Pj z j

j=0

yρ(1 − z)

(37)

Also, we derive the equilibrium-state probability Pj as follows:
⎧ Pn
P
yi ik=0 Pk+ −P0+
⎪
,
j=0
⎨ i=0
yρ
Pj =
(38)
P
+
⎪
−Pj+
⎩ ni=0 yi Pj+i
+ Pj−1 , j ≥ 1
yρ
where Pj+ is derived by Eq. (35). If we denote the average
number of packets that secondary users send during a time
slot at the equilibrium state by Ns , then we obtain:



⎧
RTN P
⎪
⎪min Nq ,
lim LRSP (τ ) , for RSP
⎨
τ →∞



(39)
Ns =

⎪
RTN P
⎪
⎩min Nq ,
lim LN SP (τ ) , for NSP
τ →∞


44 Bytes
38 Bytes
250 Bytes
9 µs
1.89 ms
15 µs
34 µs
0.01
1 Mbps

The length of RTS packet
The length of CTS packet
The length of the data packet
Mini-slot interval
The length of time slot
Short inter-frame space
DCF inter-frame space
The prob. of sending a packet
Data rate of the licensed channel

45
40
Time in slots

=

(1 − Ψ(z))P + (z)
yρ(1 − z)Ψ(z)



∞
n
i
+
+
j
i=0 yi
j=0 Pj +
j=1 Pj+1 z

γ = 0.1
γ = 0.4
γ = 0.6
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=
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(b) n=6

where the distributions of LRSP (τ ) and LN SP (τ ) are characterized by Eqs. (15) and (18), respectively. Thus, we obtain
the aggregate throughput, denoted by η, as follows:

Fig. 6. The time spent to attain the desired state by the negotiation-based
sensing policy against the number of secondary users with different γ’s. (a)
The case with n = 10. (b) The case with n = 6.

E[Ns ]
.
TS

where TS is the length of the time slot. Thus, the average
packet transmission delay, denoted by Ws , for a given secondary user is derived as:

η=

(40)

Since the average queue length, denoted by Lq , of the
packets for any given secondary user is the first moment of
Nq , we have


d
λ2 Ψ(2) (1)
Pq (z)
,
(41)
Lq =
= L+ − yρ +
dz
2yρ
z=1
where L+ is derived by Eq. (36). According to Little’s law,
the queueing delay, denoted by Wq , for a given secondary user
can be derived by
Wq =

Lq TS
,
λ

(42)

Ws = Wq + E[V ]TS =

Lq
+ u Ts ,
λ

(43)

where E[V ]TS is the service delay.
VI. P ERFORMANCE E VALUATIONS
The parameters for our proposed schemes are summarized
in Table I. These parameters ensure that Eq. (10) is satisfied,
which suggests that at least one secondary user can successfully send RTS packet during the negotiating phase with a
high probability.
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Fig. 7. The saturation throughput achieved by two different channel-sensing
policies against the number (u) of secondary users with different γ’s when
the number (n) of licensed channels is 10.

We first investigate the time spent by the negotiation-based
sensing policy to attain the desired state, where 1) if the
number (u) of secondary users is larger or equal to the number
(n) of licensed channels, all the channels are sensed by the
secondary users, 2) otherwise, each channel is sensed by no
more than one secondary user. Fig. 6 plots the time spent
to attain the desired state against the number of secondary
users with different γ’s and n’s. Each point in Fig. 6 is the
mean of the results of 500 simulations. Note that the length
of the time slot is typically very short.2 The negotiation-based
sensing policy can quickly attain the desired state even in the
worst case where n = 10 with γ = 0.6, as shown in Fig. 6. We
also observe that the time spent to attain the desired state gets
longer if the number u of secondary users becomes closer to
the number n of channels. This is because i) when u is much
smaller than n, it is less likely that the channels sensed by
two secondary users are the same in the initial state, which
will only take several more steps (in slots) to attain the desired
state; and ii) when u is much larger than n, Fact 2 shows that
most channels are sensed by the secondary users in the initial
state, which is also close to the desired state. In addition, we
notice that it will take more time to attain the desired state if
the channel utilization (γ) by the primary users gets larger.
By using the analytical model developed in Section IV-B,
we obtain the numerical results for the saturation throughput
achieved by two different channel-sensing policies under different situations with n = 10, as shown in Fig. 7. Given γ
and u, the saturation throughput achieved by the negotiationbased sensing policy is higher than that by the random sensing
policy. When the number of secondary users is equal to
the number of channels, the improvement achieved by the
negotiation-based sensing policy over that achieved by the
random sensing policy reaches to the maximum. When the
number of secondary users is less than the number of channels,
the saturation throughput achieved by the negotiation-based
sensing policy increases linearly as the number of secondary
2 For

Negotiation−based sensing policy
Random sensing policy

example, the time-slot length of GSM cellular network is 577 µs.

0
0.1

0.2

0.3

0.4
0.5
0.6
System utilization, ρ

0.7

0.8

0.9

Fig. 8. The average packet transmission delay (Ws ) against the system
utilization (ρ) of secondary users with different number of secondary users
(u) when the channel utilization (γ) of primary users is 0.6. The number
(n) of licensed channels is 5. The solid lines represent the average packet
transmission delay under negotiation-based sensing policy, and the dashed
lines stand for the average packet transmission delay under the random sensing
policy.

users increases. However, the saturation throughput achieved
by the negotiation-based sensing policy becomes the constant
after the number of secondary users is larger than the number
of channels. This is expected because all the leftover channels
are perceived by the secondary users when the number of
secondary users is larger than or equal to the number of
channels, as discussed in Section III-C. From Fig. 7, we also
observe that the larger the channel utilization by the primary
users (γ), the lower saturation throughput the secondary users
can achieve for both channel sensing policies, which makes
sense because the higher the channel utilization (γ), the less
the channels can be used by the secondary users.
Now, we investigate the performance of our proposed
MAC protocols in the non-saturation network case, where the
number (n) of licensed channels is set to 5. Using Eqs. (41)
through (43), Fig. 8 plots the average packet transmission
delay against the system utilization (ρ) of secondary users
when the number of secondary users (u) is set to 8 and 20,
respectively, while the channel utilization (γ) of primary users
is fixed at 0.6. As the system utilization increases, the average
packet transmission delay gets larger for both the negotiationbased sensing policy and the random sensing policy. Also,
the average packet transmission delay increases much faster
when the system utilization ρ gets larger. From Fig. 8, we
observe that the average packet transmission delay achieved
by the negotiation-based sensing policy is smaller than that
achieved by the random sensing policy for the same ρ and
u. In particular, when the number of secondary users is close
to the number of licensed channels, the delay achieved by
the negotiation-based sensing policy is much smaller than
that achieved by the random sensing policy. However, the
delays achieved by the negotiation-based sensing policy and
the random sensing policy are virtually the same when the
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Fig. 9. The aggregate throughput (η) of secondary users against different
system utilization (ρ) of secondary users when the number (u) of secondary
users is equal to 20 and 8. The channel utilization (γ) of primary users is
0.6, and the number (n) of licensed channels is 5. The solid line represents
the negotiation-based sensing policy for both u = 8 and u = 20, the dashed
line represents the random sensing policy with u = 20, the dashdotted line
represents the random sensing policy with u = 8.
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Fig. 10. The average packet transmission delay (Ws ) against the channel
utilization (γ) of primary users with different number of secondary users (u)
when the system utilization (ρ) of secondary users is 0.1. The number (n) of
licensed channels is 5. The solid lines represent the negotiation-based sensing
policy, and the dashed lines stand for the random sensing policy.

number of secondary users is much larger than the number of
licensed channels, which verifies Fact 2.
Using Eq. (40), Fig. 9 plots the aggregate throughput
against the system utilization under both the negotiation-based
sensing policy and random sensing policy. Note that under the
negotiation-based sensing policy the aggregate throughput of
u = 20 is the same as that of u = 8. This is because based
on the negotiation-based sensing policy, the secondary users
are aware of all channels’ states in both u = 20 and u = 8
cases, and thus these two cases have the same total packet
arrival rates under the same system utilization. The aggregate

Negotiation−based sensing policy, u=20 and u=8
Random sensing policy, u=20
Random sensing policy, u=8
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Fig. 11. The aggregate throughput (η) of secondary users varies with different
channel utilization (γ) of primary users when the number (u) of secondary
users is equal to 20 and 8. The system utilization (ρ) of secondary users is
0.1 and the number (n) of licensed channels is 5. The solid line represents
the negotiation-based sensing policy for both u = 8 and u = 20, the dashed
line represents the random sensing policy with u = 20, the dashdotted line
represents the random sensing policy with u = 8.

throughput increases linearly with the system utilization. The
reason is that under the fixed γ, the increase of the system
utilization (ρ) leads to the increase of the packet arrival rate
(λ), which implies that more packets are sent under the nonsaturation network case. From Figs. 8 and 9, we observe
that there is a tradeoff between the aggregate throughput and
average packet transmission delay. That is, as the system
utilization increases, the aggregate throughput increases, while
the average packet transmission delay also becomes larger.
Now, we investigate the impact of the channel utilization
(γ) of the primary users on the performance of our proposed MAC protocols. Using Eqs. (41)-(43) and Eq. (40),
Figs. 10 and 11 plot the average packet transmission delay
against the channel utilization (γ) of the primary users and
the aggregate throughput of the secondary users against the
channel utilization of primary users, respectively. The system
utilization (ρ) of secondary users is set as an constant of
0.1. The number (n) of licensed channels is set to 5. From
Fig. 10, we observe that the average packet transmission
delay increases monotonically with γ. The increasing rate
of the average packet transmission delay becomes larger as
the channel utilization (γ) of primary users increases. From
Fig. 11, we find that the aggregate throughput decreases as the
channel utilization of primary users increases. That is expected
because the number of leftover licensed channels which can
be utilized by the secondary users decreases, as the channel
utilization of primary users gets larger. When the number of
secondary users is small, the performance improvement of
the negotiation-based sensing policy over the random sensing
policy gets larger in terms of throughput and delay. On the
other hand, when the number of secondary users gets large,
the performance achieved by the simple random sensing policy
is very close to that achieved by the negotiation-based sensing
policy.
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the different QoS requirements over cognitive radio based
wireless networks.

Average packet transmission delay (ms)
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Fig. 12. The average packet transmission delay (Ws ) varies with different γ’s
and λ’s under negotiation-based sensing policy. The number (n) of licensed
channels is 5 and the number (u) of secondary users is 20.

Using Eqs. (41)-(43), Fig. 12 plots the impact of different
combinations of γ and λ on the average packet transmission
delay under the negotiation-based sensing policy, when the
number (n) of licensed channels is 5 and the number (u) of
secondary users is 20. Under the same channel utilization of
primary users, the higher the packet arrival rate, the larger
the packet transmission delay. Furthermore, the impact of
the packet arrival rate on the packet transmission delay gets
higher when the channel utilization of primary users becomes
larger. When the channel utilization of primary users is high,
even the small increase of packet arrival rate can result in
the significant increase of packet transmission delay. These
observations provide practically important guidelines to derive
the different desired parameters, such as packet arrival rate,
the channel utilization of primary users, and the number
of secondary users, etc., for the QoS-provisioning over the
cognitive radio wireless networks.
VII. C ONCLUSIONS
We proposed and analyzed the opportunistic multi-channel
MAC protocols for the cognitive radio-based wireless ad hoc
networks. Specifically, the cognitive MAC protocols enable the
secondary users to identify and utilize the available frequency
spectrum without causing harmful interference to the primary
users. To detect the availabilities of the un-used licensed
channels, we proposed two different channel sensing policies:
the random sensing policy and the negotiation-based sensing
policy. Our proposed cognitive radio-based MAC protocols
do not need any centralized controllers, since the negotiation
between the sender and receiver of the secondary users is
conducted using the CSMA/CA-based algorithm. Applying the
Markov chain model and the M/GY /1 queueing model, we
develop analytical models to evaluate the performance of our
proposed protocols with two channel sensing policies for both
the saturation network case and non-saturation network case,
respectively. Our analyses also reveal the tradeoff between
throughput and delay, which provides the guidelines to support

Proof: To prove the proposition, we only need to show
that |B0 (t) ∪ B1 (t)| ≤ |B0 (t + 1) ∪ B1 (t + 1)| holds for
any given time slot, indexed by t with t = 0, 1, 2, · · · .
We need to consider the following three cases. First, all
the secondary users fail to send RTS/CTS packets during
the negotiating phase in t-th time slot. None of them will
change the channel to sense in the (t + 1)-th time slot. This
implies that the number of sensed channels in the (t + 1)th time slot stays the same as that in t-th time slot, i.e.,
|B0 (t) ∪ B1 (t)| = |B0 (t + 1) ∪ B1 (t + 1)|. Second, a given
secondary user successfully sends the RTS/CTS packets. There
is no other secondary users which sense the same channel as
this given secondary user. In this case, no secondary users
will change their sensing channels in the (t + 1)-th time slot,
implying that |B0 (t) ∪ B1 (t)| = |B0 (t + 1) ∪ B1 (t + 1)|
holds. Third, a given secondary user successfully transmits
the RTS/CTS packets during the negotiating phase and the
channel sensed by this given secondary user is sensed by at
least another different one or more of secondary users. In this
case, the other different secondary user(s) must select different
channel(s) from the set of (B1 (t) ∪ B2 (t)) for sensing in the
(t + 1)-th time slot. Consequently, the channels in B2 (t) can
be selected as well, implying that |B2 (t)| ≥ |B2 (t + 1)|, and
thus |B0 (t) ∪ B1 (t)| ≤ |B0 (t + 1) ∪ B1 (t + 1)|. According to
the above three cases, |B0 (t)∪B1 (t)| ≤ |B0 (t+1)∪B1 (t+1)|
always holds, completing the proof.
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