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Abstract: We provide a comprehensive delay and queueing analysis for two baseline medium access control
protocols for multi-user cognitive radio networks with homogeneous users and channels and investigate the
impact of different network parameters on the system performance. In addition to an accurate Markov chain,
which follows the queue status of all users, several lower complexity queueing theory approximations are
provided. Accuracy and performance of the proposed analytical approximations are verified with extensive
simulations. It is observed that using an Aloha-type access to the control channel, a buffering MAC protocol,
where in case of interruption the CR user waits for the primary user to vacate the channel before resuming
the transmission, outperforms a switching MAC protocol, where the CR user vacates the channel in case
of appearance of primary users and then compete again to gain access to a new channel. The reason is
that the delay bottleneck for both protocols is the time required to successfully access the control channel,
which occurs more frequently for the switching MAC protocol. It is thus shown that a clustering approach,
where users are divided into clusters with a separate control channel per cluster, can significantly improve
the performance by reducing the competitions over control channel.

Acknowledgments: This research project was supported by NSERC under Grant STPG365205.
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1 Introduction

Opportunistic spectrum access (OSA) communication models [1], implemented by cognitive radios (CR),
offer both the capacity to decrease the communication infrastructure expenses by using the vacant portions
of the spectrum and to improve the quality of wireless communications by permitting wireless CR nodes' to
switch to a better channel when the channel quality is not satisfactory. These notable features have made
cognitive-radio based wireless networks a technology of choice for incoming wireless technologies. Frequent
spectrum handovers along with new requirements such as spectrum sensing and spectrum decision distinguish
a cognitive radio network from its predecessors. New medium access control (MAC) protocols which take
into account the inherent nature of cognitive radios are thus indispensable. For this aim, several medium
access protocols have been proposed in the literature [2-4]. Different protocols may differ in details such as
the existence of a common control channel, contention management, number of radios required for the nodes
and sensing algorithm (please see [5,6] and references therein for a detailed survey of CR MAC protocols).
However, what is common in most of the proposed protocols is the spectrum management and channel
handover, which can be broadly classified as either staying on the same channel (buffering) or switching to a
new channel (switching) in case of PU appearance. Those two extreme possibilities are representative because
any other policy will also be a combination of those two baseline policies. We thus provide a comprehensive
delay analysis and comparison for two baseline medium access control protocols discussed in [6,7] which in
turn provide performance bounds for other MAC protocols.

Related work In the literature, most of the attention has been focused on the throughput analysis of different
medium access protocols in the presence of saturated traffic (e.g., [2-4,6-8]), while little work has been
done on delay and jitter analysis. Throughput analysis provides an upper bound for the performance of
the network, which can be used for evaluation and comparison purposes of different protocols. However,
delay analysis and packet level performance evaluation are required to investigate how a protocol, along
with its parameter settings, behaves for delay-sensitive applications, such as multimedia communications
[9,10]. Further, for cognitive radio networks, which consists of alternating operating and interruption periods,
throughput analysis in the presence of saturated traffic is often insensitive to the period lengths while packet
delay for unsaturated traffic varies significantly [11]. Tt is therefore crucial to possess delay analysis tools to
assess the performance of cognitive networks, which is the motivation for this paper.

In the few papers available on delay analysis (e.g., [12-17]), detailed system parameters are not considered
or the CR network under consideration is simple, such that full insights into the impact of different parameters
on the network performance have not been provided. The target has also been specific networks; e.g., sensor
networks, with specific requirements [18,19], such that the results can not be easily extended to general
models. In [19], two different switching models for sensor networks are discussed and the buffering model is
not investigated. Instead of a common control channel, in [20], a hopping model has been addressed and the
focus is to evaluate the proposed proactive spectrum switching model. Instead of delay and throughput, [21]
proposed effective bandwidth as the performance metric, but focus is on spectrum sensing and adaptive
transmission and the discussion is provided for a single cognitive radio user.

In [11,22], we proposed a general M/G/1 queueing model [23] for a cognitive radio link where the server
is subject to interruptions [24]. The channel (i.e., the server of the queue) is subject to interruptions because
the CR node has to suspend its communication session for the period of spectrum handover (switching)
or primary users’ activity (buffering). The proposed models in those papers were for a single node with
continuous-time operating and interruption periods. However, those models did not address the complex
problem of multi-node operation in a multi-channel environment.

Approach and objectives The focus of this work is the spectrum handover and interruptions which occur in
opportunistic spectrum access. Our objective in this paper is thus to fill the delay analysis gap. From the
spectrum management and channel handover point of view, staying on the same channel after an interruption
or switching to a new channel can be considered as the two extreme possibilities and are thus representative.
We extend the throughput analysis in the presence of saturated traffic for buffering and switching policies
presented in [6,7], and provide a comprehensive delay analysis in the presence of unsaturated traffic with an

1 Node and user are used interchangeably.
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arrival process and assuming a queue (buffer) for the users. Note that the models described in those papers
are not detailed MAC models for practical purposes. The intent is rather to have models with enough details,
yet general enough, to use as baseline reference models for families of MAC protocols and investigate the
effect of different parameters, specially the parameters related to channel handover, on the throughput of a
cognitive radio network. In this paper, we have the same objective for the delay analysis and thus only relax
the saturated traffic assumption and keep the same other assumptions and modeling details to analyze the
average delay. Some simplifying assumptions are therefore made to keep the analysis complexity tractable. In
the first part, a buffering MAC model [6,7], in which a node stays on the channel in case of interruptions until
the transmission of the packet is finished, is investigated. In the second part, a switching MAC model [7],
where the node leaves the interrupted channel and participates in a new reservation competition every time
that an interruption occurs, is investigated.

Following the models presented in [6,7], and since most of the proposed MAC schemes assume a dedicated
control channel and multiple radios which increase the hardware and complexity cost, we investigate in this
paper a realistic cognitive radio network with a common control channel, distributed sensing appropriate for
ad-hoc networks, and a single radio per node. Similar to throughput analysis works for multi-user multi-
channel networks, users and channels are assumed to be homogeneous. For both MAC models, we derive
an exact Markov chain model which can be solved to obtain the system time distribution and any moment
(delay, jitter, etc). Since the number of states in the Markov chains grows exponentially with the number
of nodes, we also propose lower complexity approximations based on discrete-time M/G/1 queueing theory
results. In both MAC models, the service time of a packet is composed of two parts: the time spent to
compete with other users to reserve a channel (for the switching MAC model, the reservation period may
occur multiple times during the service of a single packet), and the transmission time. We use Markov chain
models, combined with Renewal theory results, to derive approximate distributions of both parts of the
packet service time. The service time moments are then used to find the approximate average system time
of packets in the OSA network for both MAC protocols. We also provide numerical results to validate the
analysis and provide insight on the delay performance of the MAC protocols for different network parameters.

Novelty and contributions The main contribution of this work is thus providing a comprehensive analytical
modeling and delay analysis for a multichannel cognitive radio network with both buffering and switching
recovery policies where the impact of different network parameters (number of users, number of channels,
control channel access probability, channel availability, and arrival rate) on the performance is considered.
The results thus provide insights and highlight the trend of performance variation as a function of different
network parameters. The results can also be used in network optimization and design problems to select
optimal parameters. However, due to high dimension and complexity of the problem, we are not able to
provide closed-form or accurate results in all scenarios, and the contribution is thus limited to approximations.

While there are very few papers on delay analysis in multi-user multi-channel cognitive radio networks, no
work focused on the baseline channel handover policies presented in [6,7]. Since the system model is almost
the same, naturally some of the general insights are similar to those obtained in [6,7]. However, in addition to
new accurate and approximate results for delay analysis which can be used in optimization models, network
design and more in-depth network performance analysis, some novel observations are obtained, such as the
significance of clustering in the context of cognitive radio networks, comparison of buffering and switching
and impact of traffic load (which can not naturally be discussed in the presence of saturated traffic).

Paper organization The paper proceeds as follows. In Section 2, the system model is presented and related
parameters are introduced. The next two sections discuss the buffering model. In Section 3, an accurate
Markov chain for queue occupancy is proposed from which different parameters of interest can be derived.
A service cycle analysis is provided in Section 4. Section 5 discusses the switching model where the same
approach is followed: first an accurate Markov chain for queue occupancy is proposed and then a delay cycle
analysis and related approximations are provided. Numerical and simulation results for both buffering and
switching models are discussed in Section 6. Discussions on the limitation of this work and how it can be
extended to other scenarios as future research direction is provided in Section 7. Finally Section 8 concludes
the paper.
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2 System model

In this section, we provide a summary of the two generic multichannel OSA MAC protocols for which we
derive the delay analysis under unsaturated traffic in later sections. More details on those protocols, as well
as their throughput performance under saturated traffic, can be found in [6,7]. It is assumed that there are
N homogeneous nodes in an ad-hoc cognitive radio network and M OSA channels where one channel is the
dedicated control channel and the remaining Mo = M — 1 similar channels are used for data transmission.
Without loss of generality and for notation simplicity, we assume that the N nodes have intended receivers
that are not part of those nodes. A maximum of $,,4, = min(N, M,) links might thus simultaneously exist.

Operations in the OSA network are time-slotted, and primary and secondary users are fully synchronized
(common assumption to make the analysis tractable [20,25]). In the beginning of each timeslot, there is a
short quiet period during which the whole cognitive network stops operation to sense the channels. Primary
users (PU) activity in any channel, including the control channel, is modeled by a Bernoulli random variable:
in each timeslot and independent of the other timeslots and channels, a channel is unavailable for CR users
(occupied by primary users or due to false alarms) with a probability p.. For an ON/OFF model, the
probability of channel being PU empty is equal to § and we have p. =1 —6(1 — p,,,) + 6py, where p,,, and py
are, respectively, the probability of miss detection and false-alarm in the sensing process.

We also use a packet capture model whereby a transmission during an available timeslot is successful, with
probability 7 for the data channels and probability nc for the control channel. 7 is a function of the fading
model (outage probability) and sensing errors (miss detections resulting in collisions with PU). Channel
availability (PU appearance) and packet captures are assumed to be independent.

To model the unsaturated traffic, a geometric (Bernoulli) arrival process is assumed for all nodes with a
probability of packet arrival in a timeslot A\. The packet length L is given in the number of timeslots required
to transmit the packet and has a geometric distribution with parameter q.

A node is in the busy state when it has a reserved data channel for transmission, otherwise the node is in
the idle state (with an empty or non-empty packet queue). After the sensing period, if the control channel is
available, the ¢ idle nodes with a non-empty packet queue attempt to reserve a channel using an Aloha-type
competition over the control channel. That is, each of the g nodes will transmit in the timeslot a reservation
request with a probability p over the control channel. The competition is successful if only one reservation
request is transmitted and it is correctly received. The probability of success in competition is given by [6]:

Py(g) = gp(1 - p)"'x. (1)
where x = (1—p¢)nc is the probability of a successful transmission on the control channel without considering
collisions. The probability of success for a marked node among g nodes is P:(9) 1t is assumed that the list
of channels not being used by CR nodes is given. Without this assumption, a collision may occur when a
CR node selects a channel already in use by another CR user. This results in a variable rate queue (capacity
is shared) and is out of the scope of this paper. So, a success in competition in this timeslot is followed by
reserving the channel which is on the top of the list by the competition winner, to be used from the beginning
of the next timeslot. An exception is when all channels are occupied in this timeslot. If a channel is released
at the end of this timeslot, it will be assigned to the successful node in competition, otherwise the successful
node in competition is unsuccessful in reserving a channel and returns for a new competition in the next
timeslot. It is therefore important to distinguish the event of success in competition, which depends solely on
the number of competing users, from the event of success in reservation, which depends also on the status
of channels. In case that a node is successful in reserving a channel, it starts transmitting one packet in the
reserved channel from the beginning of the next timeslot. Other nodes can not make any interference on the
reserved channel, but fading, sensing errors and PU activities may interrupt the transmission.

Two baseline MAC protocols are considered in this paper. In the buffering MAC protocol [6], a node
stays on its reserved channel, even when it becomes occupied by PUs, until the packet is entirely transmitted.
In each timeslot, a successful transmission therefore occurs with probability ) = (1 — p.)n. For the buffering
MAC protocol, the (enlarged) packet service time X therefore consists of a reservation period of length Xg
followed by a transmission time X7 which consists of successful transmission, unsuccessful transmission and
unavailable timeslots, until the entire packet is transmitted.
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In the switching MAC protocol [7], a node that senses it channel occupied by PUs leaves the channel
and returns to the idle state to participate in the competition to reserve a new channel in this timeslot. For
the switching MAC protocol, the (enlarged) packet service time X therefore consists of several reservation
periods and the successful transmission and unsuccessful transmission timeslots required to transmit the
entire packet.

For both MAC protocols, once the packet transmission is terminated, the node releases the channel and
returns to the idle state. It will enter the competition at the next timeslot if it has another packet in its
queue. A service-resume transmission model is assumed for both MAC protocols where the remaining part
of the packet is transmitted after each interruption. What we mean here by packet is a general concept
including a block of data to be transmitted itself composed of smaller identifiable parts. As an example, we
can mention a MAC frame composed of several higher OSI layers’ data blocks or jumbo frames composed
of smaller frames, such as in the MAC Service Data Unit (MSDU) aggregation and MAC Protocol Data
Unit (MPDU) aggregation in IEEE 802.11n networks where multiple wireless or Ethernet frames are merged
to form a larger super frame. Naturally, if an interruption occurs, there will be no need to retransmit the
wireless/Ethernet frames which have already been delivered. Note that due to the packet length geometric
distribution model, the delay analysis is similar for a service-repeat model where the entire packet must be
retransmitted after each interruption.

3 Buffering MAC protocol: Queue occupancy markov chain analysis

The discrete and memoryless nature of the system model and MAC protocols described in Section 2 enables us
to propose a general discrete-time Markov chain (MC) which tracks all arrivals, departures and interruption
events for all nodes. The different queue performance metrics can then be directly computed using the steady-
state MC solution. The state variable is given in the form (7, l_;) = (n1,n2,...,nN,b1,b2,...,by) where
n; (n; =0,1,...) is the current number of packets in the system (waiting in the queue or being transmitted)
of node ¢ and b; (b; = 0,1) is a status flag indicating whether node 7 has a reserved channel (b; = 1) or is idle
(b; = 0). For each state A, we also define the variables k4 = 3 I(5,—1,n,50) and ga = > I(5,—0,n,>0), Where
I is an indication function with Ij.ye = 1, Ifq5e = 0, which are, respectively, the total number of busy nodes
and the total number of idle nodes with a non-empty queue. An MC example with N = 1 is illustrated in
Figure 1.

Because of the geometric arrival process and since at maximum one packet can be served in one timeslot
over each channel, the queue status changes at most by one packet in two consecutive slots. That is n;(t) —1 <
n;(t + 1) < n;(t) + 1, where n;(t) is the node ¢ queue occupancy at time ¢t. However, as a function of the
status flag, the following refinements can be made:

Arrival + No \
success

120" 130"

Arrival +
success

. No success
No Arrival

No arrival +
success

21 31

No arrival +
Termination

Arrival + Arrival + No
No arrival + No  lermination termination

\_ termination )

Figure 1: An example of the proposed queue occupancy Markov chain for N =1 and Mg > 0.
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1. If n; = 0 then b; = 0, and only an arrival event can occur, in which case n;(t + 1) = 1, otherwise
n;(t + 1) = 0. Furthermore, the next status state is also b; = 0, irrespectively of an arrival event occurrence.

2. If n; > 0 and b; = 0, two events of reservation success and an arrival can occur at the same timeslot
and the events are independent. We have n;(t) < n;(t + 1) < n;(t) + 1 depending on arrival or no arrival.
Reservation success only changes the value of b; to 1.

3. If n; > 0 and b; = 1, two events of packet transmission termination and an arrival can occur at the same
timeslot and the events are independent. We have n;(t)—1 < n;(t+1) < n;(t)+1. The case n;(t+1) = n;(t)+1
occurs with an arrival and no transmission termination, and the case n;(t + 1) = n;(t) — 1 occurs with no
arrival and transmission termination. Meanwhile, a node will have the same number of packets in the queue
in the next timeslot for two events: transmission termination and an arrival, or no transmission termination
and no arrival. A transmission termination results in changing the value of b; to 0, irrespectively of an arrival
event occurrence.

Furthermore, all busy nodes and idle nodes with an empty queue operate independently, so the joint proba-
bility of different events can easily be found by multiplication.

-,

For two states A = (7i,b) = (n1,...,nn,b1,...,by) and B = (m, &) = (my,...,mn,c1,...,¢n), IS, the
set of impossible transitions, can then be defined as follows:

IS = {(A7B) = ((1, g)’ (m, ©))[Fng,m; (ng =0 & by =1) [|(n; =0 & ¢; = 1) ||
(mi =0& ¢; = 1) ||(Numg ap > 1) |(m; & (ni — 1):(n; + 1))

<{k‘A = Smaz} & {Num(stB) >0} & {Num(t’AB) = 0}) }, (2)

—

where Nums apy = |find(¢—b == 1)| (| find(Z—§ == 1)| is the number of positions for which the difference
between the elements of & and ¢ is 1) is the number of nodes which started transmitting in the new timeslot
from state A to B and Num ap)y = |find(b — @ == 1)| is the number of busy nodes in state A whose
transmission is finished in state B.

The transition probabilities of going from state A to a new state B can then be computed using Algo-
rithm 1. For (A4, B) € IS, the transition probability is zero. In Algorithm 1, S, is the set of nodes participating
in competition in state A whose size is given by [S,|. If S, is empty, the last part of the algorithm is not run.
AllBusyNoTer = 1 represents the case where all channels are busy and no termination occurs.

From this exact Markov chain, any performance parameter of interest such as the first (related to delay)
and second moment (related to jitter) of the number of packets in the buffer can be found. This model is
general and can also address several system model extensions, such as non-homogeneous nodes with different
arrival rates or different packet length. However, as there is no buffer limit, the number of states is infinite
and grows exponentially with the number of nodes. To be able to solve the Markov chain numerically a
buffer limit @s,,,, should be set and the truncated Markov chain is analyzed instead. If the transition
probabilities are written for a truncated version of the Markov chain with the buffer size @s,,,., the states
with 3¢ s.t. n; = @s,,,, should be treated separately because for cases b; = 0, or b; = 1 and no termination,
the queue occupancy in the next state with arrival or without any arrival (with probability equal to one) will
still be m; = QS04

Even for the truncated MC, the queue occupancy MC model suffers from exponential growth of the
number states and is thus not scalable. For example, for a buffer limit of @s,,,,, the number of states will
be [2(1 + Q8,,0.)]Y (e.g., 484 states for N = 2 and Qs,,,, = 10). In the next section, the homogeneity of
the nodes is taken into account to propose an approximate but scalable combined Markov chain which will
be used for a service cycle analysis.
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Algorithm 1 The algorithm to find the transition probabilities P,_ (71.8)—> B=(,3)"

if (k4 == Smae & Num apy == 0) then
AllBusyNoTer =1
fori=1:N do
if (n; ==0) then
P)i — )\mlfnl(l _ A)lf(mifni)
else
if b, == 1 then
if (¢; ==1) then
P=(1- qw))\”li_ni(l _ A)l—(mi—m)
else
Py = (g (1 =y
else
Put i in S, ; P; = A™ (1 — \)L—(mi—na)
ok Handling Competitions *#*%% (S, £ ()
Find j s.t. (cg,; == 1)
if j > 0 then

if (AllBusyNoTer == 0) then
Ps,y = Bo,uy * [1 = Ps([Sg])]

FindProb(4,B)=[T" P,

4 Buffering MAC protocol: Service cycle analysis

Since a geometric arrival process is assumed, we have for any node a discrete-time M/G/1 queue with
geometric arrivals called Geom/G/1. Continuous-time M/G/1 and Geom/G/1 become equivalent when the
timeslot is short with respect to the arrival rate. Furthermore, since the arrival process and packet length
distribution are identical for all nodes, the queues are homogeneous. To solve a tagged node queue, we
should therefore only find the service time X = Xg + X7 for the buffering MAC protocol. Xr and X1 are
independent, so any moment of the service time X can easily be found from the moments of Xr and Xr.
Discrete version of the Pollaczek?-Khinchine formula [26] can then be used to find the queue performance
metrics of interest such as expected delay and delay variance (jitter). The exact distribution of Xr and
approximations for the distribution of Xg are derived in Sections 4.1 and 4.2, respectively.

4.1 Transmission time

For the buffering MAC protocol, the transmission time is started after the timeslot in which a channel has
been reserved with success and lasts until the end of the packet transmission. Since the node is using a
reserved channel, there is no interference from other CR nodes and in each timeslot the probability of a
successful transmission is given by ¢ = (1 — p.)n (see Section 2). Therefore, conditioned on the packet
length L = n, n successful timeslots are required, and the transmission time of the packet X7 has a negative
binomial distribution given by:

k—1

Pr(Xr=k|lL=n)= ( )
n—

)/l)[}n(l/l/))kn’ k:n7n+1"" (3)

The packet length L has a geometric distribution such that the unconditional distribution of X is given by:

PrXe =) = S Prxe =L =mfe() =3 (2 e a- w0t le @)
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The first and second moment of X7 can then be found as:

2—qy
(qv)?”

E[Xr] = ﬁ B[X2] =

4.2 Reservation periods

At the beginning of every timeslot, nodes can be divided into three groups: busy nodes with a reserved
channel, idle nodes with an empty queue and idle nodes with a non-empty queue. The probability of
reservation success at the end of the timeslot depends on the number of nodes in the last group, except
for the case where all channels are occupied. Due to packet arrival and packet transmission termination
events, the number of idle nodes with a non-empty queue changes from one timeslot to the next one such
that the probability of reservation success in a timeslot is time-varying. We will proceed as follows to find
the reservation period distribution. First, we will propose a combined Markov chain to find the distribution
and transition probabilities of the number of nodes competing in the reservation procedure. We will then
find the reservation period distribution by first conditioning it on the number of competing nodes in the
first reservation timeslot for the tagged node, and then using the steady-state probabilities to obtain the
unconditioned distribution.

4.2.1 Combined Markov chain

Since the sum of nodes at every timeslot is fixed to N, the state variable of the proposed combined Markov
chain is given by a 2-tuple (k, g) where k is the number of busy nodes and g is the number of idle nodes with
a non-empty queue. The number of idle nodes with an empty queue is then given by N — k — g. We have
the following facts about the system:

e Every idle node with an empty queue may independently become a node with a non-empty queue in the
next timeslot with the probability P, = A, which is the probability of one arrival during one timeslot.
e Among the idle nodes with a non-empty queue, at most one node may become busy with the probability
of reservation success Ps(k, g) and all others stay in the same group. Ps(k, g) is the probability of getting
a channel when g nodes participate in competition and k£ channels are already reserved. It is given by:

Ps(g) k< Smazx

Py(g)(1 - T;.EO)) k = Smax (6)

P(k,g) = {

where T,EO) is the probability of no transmission termination among the k ongoing communication
sessions.

e Every busy node may independently finish in a timeslot its packet transmission with probability gy
and then, with probability Py, the node joins the idle nodes with an empty queue. 1 — Py converges
to the steady-state queue occupancy of a node queue and is the same for all busy nodes because nodes
are homogeneous and have a geometric memoryless packet length.

The number of participants in the competition in the next slot compared to the previous slot may thus
decrease at most by one, but may increase to any larger value up to N depending on the number of idle
nodes with an empty queue with an arrival and the number of busy nodes that finish their transmission and
have a non-empty queue.

Using these facts and the results in [6, Eq. (16)], the transition probabilities of the combined Markov
chain can be given by:
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0 if 2> k+1,Vg,h,
0 ifVk,z,h < g—1,
T]EO)S{(Jl)y(%k_—gz;rll)%(fv—'f—g) ifz=k+1,h>g-1,
T,Ek_z)Séo)Y(,lk:z)’(N_k_g)

Pli,g)—>(2h) = +T SRR EEV TR0 o <kt 2 £ 28mans h > g - 1, g
T}gkfzﬂ)Sél)y((hk:gzjll))’(kafg)

+T15k—z)y(h’f__z)v(N_k_9) it z=k=5maz,h >9—1,

T,Ek)Séo)Y((,f:gz))’(N_k_g) ifz=0,h>g—1.

T,gj ) and Séj ) are respectively defined in [6, Eqgs. (14),(15)] as the probability of j transmission terminations
among k ongoing communication sessions and the probability of j success in competition among g competitors
(note that S5 = Py(g)).

Y(Z)C is the probability that a new nodes join the group of idle nodes with a non-empty queue given that
there are b busy nodes that terminate their transmission and c idle nodes with an empty queue. This happens
if 4 nodes out of the b busy nodes that terminate their transmission have a non-empty queue at the end of
the timeslot and j nodes out of the ¢ idle nodes with an empty queue have a packet arrival in the timeslot,
where i + 7 = a. Y(l;)c is thus given by:

e = ) (?)a-ryy= () e - . )

i J
(i,4)li+j=a, 0<i<b & 0<j<e

Assuming that Py is known, the steady-state probabilities 7y 4 V(k, g) of the combined Markov chain can be
found. We explain in Section 4.2.3 how Py can be found.

4.2.2 Reservation period distribution

We now derive the distribution of Xg for a tagged node belonging to the group of idle nodes with a non-
empty queue. Let X 1’%’9 denote the reservation length given that the system is in the state (k, g),g > 0 at the
beginning of the reservation period. The probability of a successful reservation for the marked node in the
first timeslot, i.e., Pr(XIk%’g = 1) is equal to P™(k,g) = L2590 However, if the reservation is unsuccessful,
the system transits to a new state (z,h) with the probability P g)—~(z,n)|(No-Success). In this state, the
probability of successful reservation and thus have Xﬁ’g equal to 2 timeslots is now P!*(z,h). Otherwise, the
system transits to a new state and the process repeats. In general, Pr(X}];’g = 1) can be found in a recursive

manner from the probability of transition to other states (z, h) and Pr(X ;’h =i —1) from other states, given
that the node was not successful in reservation.

It is important to note that for this analysis, the transition probabilities of the combined MC discussed
in the previous section can not be directly used because it is implicitly assumed that the marked node was
not successful. We therefore need a different MC with transition probabilities denoted by @ conditioned on
the fact that at each transition, the marked node was not successful, and that if the reservation competition
was a success, it was one of the other g — 1 competitors who was successful. The transition probabilities @
are given by (7) where Ps(g) given in (1) is replaced by (g — 1)p(1 — p)9~ 1.

The distribution of Xé’g is then given by:

P (k,g) i=1
(1= Pk, 9)) X o.n) Quiesg)—> (= P (2, 1) i=2
k, . m m
Pr(XRg = 7’) = (1 - Ps (kag)) Z(z,h) Q(k,g)—>(z,h)(1 - Ps (Z7 h)) (9)

2 (ap) Quk,g)—>(ap) P (a,b) i=3
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X Ik%’g can then be unconditioned to obtain Xg as follows:

k,
Xp= Y  Xpn(l,. (10)
(k,9),9>0

Since when we mark a node to find X, we implicitly assume that the node is idle with a non-empty queue,

the states in which the number of competing users is zero (¢ = 0) should therefore be eliminated to obtain
i e N  _ T(k,9)

the steady-states probabilities for the states (k,g),g > 0 as Tlhg) = TSy e Ty

4.2.3 Solution procedure

To find the combined MC transition and steady-state probabilities, Py, the steady-state probability of a
node’s queue being empty, is required. Py can be computed from the Geom/G/1 queue relation (1 — Py) =
AE[X] = MAE[XR + X7|. However, E[XR| depends on the combined MC solution. We therefore proposed an
iterative solution where an initial value is set for Py. The combined MC chain can then be solved and E[X ]
computed. A new value of Py is then obtained and used for the next iteration. The iteration continues until
the value of Py converges. To compute the initial value of Py, we propose to use the lower bound case for
X g where only the tagged node participates in the competition. The distribution of X is then geometric
and E[Xg] = (px) "

Note that the number of competing nodes in one state is not independent of the other states. However by
using the steady-state probabilities in (10) combined with the iterative solution procedure, this dependency
is ignored. Furthermore, the different functions involve in this system are not necessarily convex. The
combined-MC approach is therefore inherently an approximate solution. For example, we have observed that
in some cases the combined-MC solution converges to a non-zero value of Py while simulations indicated that
the system is unstable. However, all studies that we have performed showed that in the region where the
system is stable, the combined-MC approximation is very accurate (see results presented in Section 6).

4.2.4 Other approximations

The proposed approach based on the combined Markov chain is scalable. However, the number of slots
until reservation success is infinite and the distribution of Xz should be truncated which results in an
approximation. Furthermore, even when the distribution of X g is truncated, the computations are intensive.
We therefore propose in this section three different approaches to reduce the computational complexity
required to calculate the moments of Xg.

Reduced Markov chain The number of states in the Markov chain can be reduced by assuming that idle
nodes will independently have a non-empty queue at the beginning of a timeslot, and therefore participate
in the competition, with probability 1 — FPy. This assumption therefore ignores the dependency between
timeslots of the status of an idle node and we don’t need to track in the MC state variable the number
of idle nodes with a non-empty queue. That is, the combined MC chain presented in Section 4.2.1 can be
replaced with the single dimension Markov chain proposed in [6] which uses the single state variable k, the
number of busy nodes. In each timeslot, N — k nodes then participate in the competition with an Aloha
access probability given by p,, = p(1 — Py). The distribution of Xg can then be computed as explained
in Section 4.2.2 where P;(g) given in (1) is replaced by (N — k — 1)p,, (1 — pp)N #7114, the summations
in (9) and (10) are over a single variable, and the modified transition probabilities in (9) and steady state
probabilities in (10) are obtained from the MC in [6]. The solution procedure is then the same as the one
described in Section 4.2.3. This approximate model, denoted by ‘Pawelczak-MC’ in the numerical results,
reduces the computational complexity since the state space is smaller.

Approximate Xy distribution We now propose an approximate approach which significantly reduces the
complexity associated with finding the distribution of Xy so that it can be used in scenarios with limited
computation capacity. The complexity in (9) arises from the fact that the reservation success probability
is time-varying and has memory. As an approximation, we propose to simply assume that the number of
participating nodes during a reservation period is always n. Even though the assumption is not realistic,
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it helps finding an approximation for Xr. With this assumption, X,r, the reservation time given that
the number of participating nodes is n at each timeslot, has a geometric distribution with probability (1 —
H,, . )P"(k,nlk < Smaz) + Hs,,., P (k = Smaz,n), where Hy is the probability of k being equal to s;qz
and is defined as follows:

max max

Hoo = D gy ()
(kvg)lkzsmaw

From the combined MC chain presented in Section 4.2.1, we can compute Pr(g =n|lg #0) (n=1,...,N),
the distribution of the number of nodes participating in the competition excluding the cases where there is
no competitors. We can then approximate the distribution of X as follows:

Xp~ ) Pr(g=nlg#0)Xuz. (12)

Given that X, g is geometric, it is then easy to compute the moments of Xg. Since P, is not known, the
same solution procedure as the one described in Section 4.2.3 should be used. This approximate model is
denoted by Combined-MC-Dist in the numerical results.

Average Xy distribution This third approach further simplifies the computations by calculating the reser-
vation time with the average number of idle nodes in competition with a non-empty queue. Let de-
fine G = Z(,% )90 g?T,Jx 4+ Where the steady-state probabilities 71',]6\{ , are obtained from the combined MC
chain presented in Section 4.2.1. Then Xp is approximated with a geometric distribution with probability
(1-Hs,,, ) P™(k,Glk < Smaz) + Hs,,,, P™(Smaz, G). Since Py is not known, the same solution procedure as
the one described in Section 4.2.3 should be used. This approximate model is denoted by Combined-MC-Avg
in the numerical results.

At the end of this section, it is worth noting that even though a simplified system model has been
addressed, the problem is still too complex to be solved fully analytically. That is the reason that we require
approximations. In other words, we modeled the problem and related all engaged parameters, but providing
an accurate closed-form solution was intractable (except for small-size models where the accurate occupancy
Markov chain approach can be used). The relation between network parameters and performance (delay,
jitter, etc) can not be represented with closed-form relation due to the complexity and dimension of the
problem. For optimization purposes, the approaches proposed in this paper can be implemented to find the
optimal performance by a mix of approximate numerical and analytical results.

5 Switching MAC protocol delay analysis

In this section, we provide the delay analysis for the multichannel OSA switching MAC protocol. The same
approach as for the buffering MAC protocol is followed: we first provide a system occupancy Markov chain
in Section 5.1 and then we derive an Geom/G/1 queue analysis in Section 5.2. The only difference between
the buffering and switching MAC protocols is that in the switching protocol, if a SU senses that its reserved
channel is occupied by a PU, it immediately returns to the group of idle nodes with non-empty queue and
participates in the competition. For sake of brevity, we omit details in the analysis that are similar to the
buffering MAC protocol analysis.

5.1 Occupancy Markov chain

The states of the queue occupancy Markov chain are similar to the buffering case and are given by (7, 5)
However, to facilitate the analysis, the observation time where the Markov chain has been imbedded is
immediately after the initial sensing period when the status of the channels has already been determined.
We therefore have that when b; = 1 the reserved channel for node 7 is available in this timeslot for transmission
(the transmission may however be unsuccessful due to the packet capture model).

Similar to the buffering case, for a state A, we can define k4 as the total number of busy nodes who
have a channel and whose channels are available in this timeslot and g4 as the total number of idle nodes
with non-empty queue. The switching model facts are very similar to the buffering model with the difference
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that a node who transmitted on its assigned channel in this timeslot may, if it does not finish its packet
transmission, come back to the competition with probability p. if a PU is detected on its assigned channel.

Transition probabilities for this Markov chain can be found using Algorithm 2 with the same set of
impossible states (IS). Similar to the buffering model, when a node i is busy (b; = 1), its transitions are
independent of other nodes. For b; = 0 and n; > 0, the node participates in competition. Compared to the
buffering model, the main change is for the case where there is a transition between b; = 1 and ¢; = 0 because
this transition may occur in the switching model due to both a service termination or a PU positive sensing.
Moreover, we can see that the probability of success is updated by 1 — p. because a success in competition
should also be followed by the availability of the reserved channel to be a reservation success.

For the case where we have k = $,,,42, the success depends on the nodes who had a transition from b; = 1
to ¢; = 0. Any of them may have a transition due to missing the channel and PU arrival (kept in vector P,,)
or a termination (kept in vector P;). P,,: keeps the total probability of both events. Then, Pajy, is defined
to be the probability that all transitions from b; = 1 to ¢; = 0 have been due to PU arrival. In this special
case, no reservation success is possible. If at least one node among them has finished its transmission, with
the probability Pjor, then a competition success may result into a reservation success with the probability
1—pe.

5.2 Service cycle analysis

The nodes queue in the multichannel OSA network with the switching MAC protocol can also be modeled
with a Geom/G/1 queue. As illustrated in Figure 2, the Geom/G/1 service time in this queue is composed
of alternating renewal processes: uncompleted packet transmissions (a part of the packet however can be
transmitted) and competitions for channel reservation alternate until the packet is entirely transmitted.
Since the packet length is geometric and the occurrence of an interruption is a Bernoulli event, and both are
independent, the uncompleted packet transmission time is thus memoryless and identical. The unsuccessful
transmission attempts therefore form a renewal process. The reservation periods Xz during the transmission
of a packet are also identical and form the second renewal process. Let X be the service time of the Geom/G/1
queueing model, which can be given by

X=Xgr+L.+nXgp=L.+mXg, (13)

where L. is the enlarged packet length (in number of slots), which is geometrically distributed with the
probability ¢n, and n = m — 1 is the number of switching during the transmission of the packet. To find
the service time, we must find the distribution of Xz and the number of renewals n, which are addressed in
Section 5.2.1 and Section 5.2.2, respectively.

5.2.1 Reservation period

The approach to find the distribution of Xg for the switching MAC protocol is similar as the one followed
for the buffering model in Section 4.2. The state variable of the combined Markov chain is still given by a
2-tuple (k, g), however, the observation time where the combined Markov chain is embedded for the switching
MAC protocol is after the initial sensing period at the beginning of each timeslot such that the status of the
channels for the current timeslot is known. k is therefore the number of reserved channels on which there

Tir >

Reservation | Interrupted Tx | Reservation | Interrupted Tx| | Reservation | Successful Tx

—Xp—P —X—P ¢————Xg——————P 4—X—> 4——Xzg—» <€—Last Part—p

X: Packet Service Time

| Interrupted Tx | Interrupted Tx| Successful Tx |

quivalen t renewal model >
0 Le

Figure 2: Unsuccessful transmission and reservation periods create alternating renewal processes.
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Algorithm 2 The algorithm to find the transition probabilities (FindProb(A,B)) in the switching model.
Note that fO,(n;,m;) = A™ =" (1= A=) (m; > n;) and fL (ng,m;) = A =(mmmad (1 — X)mi=mi (m; <
ni).
if (kA == smaz & Num ap) == 0) then
AllBusyNoTer =1
fori=1:N do
if (n; == 0) then
P; = fo,(ni,m;)
else
if b == 1 then
if (¢; ==1) then
P = (1—qn)(1 = pe) fo,(ni, mi)
else
if (ka! = Smaz) then
Py = (1= qn)(pe) f2,(ni, mi) + (qn) fL,(ni, my)
else
Putiin Sio;h=h+1
Py =1; Py = (qn) fop(ni,mi)
Prn = (1= qn)(pe) fap (i, mi)
Pmt,h = (1 - qn)(pc)fap(niami) + (qn) ép(nivmi)

else
Putiin S, ; P, = fgp(ni,mi)
for i =1:S10| do
Pior = Pior + H}ffl PonPrin thsfrol‘ Pon
Payym = H\1810| Py,
FindProb(4,B)=]1Y BT Pomi.n
ok Handling Competitions *#*** (TFS, # ()
if (ka! = Smaz) then
Find j s.t. (cs,; == 1)
if j > 0 then
— Ps (ISq1)
Bs, i) = Bo, 1 * =, (1 — pe)
else
if (AllBusyNoTer == 0) then
PSQ[H = PSg[l] * [1 - PS(‘SQD(l _pc)]

else
Find j s.t. (cs,; == 1)
if 5 > 0 then
Po,1 = P, 1 * PSI(S‘gS\gl)(1 —pe) 3 Bs,.n) = Pror
else

if (AllBusyNoTer == 0) then
Ps, 1) = Ps, 1) * [Paum + Pror(1 = Ps([Sg])) + Pror Ps([Sg]) (1 — pe)]
FindProb(4,B)=[T" P,

will be a transmission attempt in this timeslot and g is the number of idle nodes with a nonempty queue
which participate in the competition on the control channel for reservation. The number of idle nodes with
an empty queue is thus given by N — g — k.

To find transition probabilities, we use four auxiliary variables i, j, n and m. Note that in the following, &k
and g refer to k(t) and g(¢) for the current timeslot . Among k busy nodes, ¢ nodes independently finish the
transmission of their packets, each with the probability gn. We use the notation T,i = (If) qn' (1 — qn)*~* for
the probability of this event. Any of those i nodes may join in the next timeslot, with probability 1 — Py, the
idle nodes with a nonempty queue. Otherwise, they join the idle nodes with an empty queue. The probability
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that n nodes out of the ¢ finishing nodes will be among the g(t+ 1) nodes in the next timeslot is thus given by
(:1) Poifn(l — Py)™. For the remaining k — i nodes which do not finish their transmission, j nodes may leave
their channels due to PU presence sensing with probability F; ,f:;fj = (k;i)l — p i (pe)?. Those nodes
also join the g(t + 1) idle nodes with a nonempty queue after the sensing period. The remaining k — i — j

nodes stay on their channels, so they are among the k(¢ 4+ 1) nodes.

Considering g participants in competition, we have the same results for competition success as for the
buffering case. One node may then be successful and join the k(t+ 1) nodes with probability Ps(k, g)(1—p.).
The 1 — p. term is included because the node may be successful in competition and reservation during this
timeslot, but the reserved channel might be unavailable in the next timeslot. Therefore, without starting
the transmission, the node has to come back to competition. All other ¢ — 1 nodes remain in the group of
idle nodes with a nonempty queue, i.e., they are among ¢(t + 1) nodes. Finally, any of N — k — g idle nodes
with an empty buffer may receive a packet and join the participants in competition in the next timelot. The
probability to have m such nodes is given by (N:::*g) A1 — NN —k—g—m,

We can thus, for the switching MAC protocol, express the transition probabilities of the combined Markov
chain in the form Py g)_> (. n), as in (14), where Y>¢ is given in (8).

0 if z>k+1,Y9,h,

0 if Vk,2,h < g — 1,

TIEZ)FI?Sy)(l - pc)%i,i;:;fll))’(]vfkfji o if z=k+1,

Pl g)=>(2.n) = > T]zﬁli(ll . ijl( 1 ?1?6))1/(}&_(553_—?39) - (14)

+> o TIFZ (Sy'(1 —pc))Y(hfgi(kiiiz)) if0<z<k,k+z+# 284z,

)y TziFkZ—iY(iA(f\g:](C;;fgfz))
+ T RS = p) YR ) i = k= S

g TiFe (1= S (= p))Y 00, if 2 = 0.

Given the transition probabilities for the combined Markov, the distribution of X can be obtained as
explained in Section 4.2.2. The second and third approximations given in Section 4.2.4 to find the distribution
of X can also be used (the approximation based on the model presented in [6] is not applicable for the
switching MAC protocol).

5.2.2 Renewal process

As illustrated in Figure 2, X7, any part of the whole service time where the node has a reserved channel, is
the inter-arrival time of the channel unavailability events. Let us use the random variable A, to denote the
inter-arrival time of those events. A, has a geometric distribution with probability p.. From the Renewal
Theory point of view [27], n = m — 1 is the number of renewals from 0 to L, where the process which is
renewed is A,. The number of renewals can be found from Renewal Theory results [27].

However, as we have geometric distributions for both L. and A,, we can use the following simpler
approach. Due to the memoryless packet length, the remaining part of the packet in any operating period
is geometrically distributed with parameter q. The total number of renewals is thus the number of trials
until success, which is a geometric distribution of type-II, with the probability of success in a period being
Pr(L. <= A,), the probability of sending the whole packet in the given period. However, the number of
reservation periods which appear in the calculation of service time is m = n + 1 because the first reservation
period is not counted as a renewal (see Figure 2). We thus have:

Pr(n==k)= (1 - Pr(L. <= A,))*Pr(L. <= A,). (15)
For two type-I geometrically distributed random variables, we have:

Prle <=4 = T = gy 5 1o
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and thus
)= (1—qn)
E[n] 1—(1—gn)(1—pc) Pe ) (17)

qn B
T—(T=qn)(1-pc) q”
E[n?] can be found similarly. For the second moment of X, we have a random sum and the two parameters n
and L. are not independent. Using the facts that > ;- | k(1 —q)*~1 = q% and Y o k(k—1)(1—¢q)*2 = q%,
the term E[L.n] can be given by:

E[Len) =Y E[Len|(Le = k)| Pr(Le == k) ZkE [n|(Le = k)| Pr(L. == k)
k=1
= k(k = D)peqn(1 — qn)* ' = W- (18)

>
Il
—

We have used the fact that the number of renewals in the interval [0 k] of a type-I geometric with the
parameter p,. is equal to (k — 1)p..

From the moments of n and Xpg, it is then straightforward to find the moments of X and solve the
Geom/G/1 queue. Note that since Py is initially unknown and is required to find the distribution of Xg,
the solution procedure outlined in Section 4.2.3 can be followed. The initial value of Py is computed with
the lower bound of X obtained for the case where only a single node is competing and for which F[Xg] =

(px(1 —pc)) "

6 Simulation and numerical results

In this section, we verify the accuracy of the proposed models and approximations by comparing simulation
results with numerical evaluations of the theoretical results presented in this paper. We also study the impact
of several parameters on the multi-channel OSA MAC protocols performance. Simulations are done with
Matlab where each simulation scenario is run for 350000 timeslots and the same scenario is repeated 10
times. Unless indicated otherwise, we have Mc = N data channels. In Sections 6.1 to 6.4, we investigate the
buffering MAC protocol while in Section 6.5 we present results for the switching MAC protocol.

6.1 Impact of arrival rate

Figure 3 shows the average system time as a function of the arrival rate for the buffering MAC protocol and
for different system parameter values. It can be first observed that, as expected, the queue occupancy Markov
chain provides accurate results compared with simulation results, called 'truncated simulation’, obtained with
the same limited buffer size assumed to numerically solve the occupancy Markov chain. All approximations
also provide acceptable results at low arrival rate while for larger values, when the system gets close to
instability, their accuracy decreases. For example, for N = 10 users, the combined-MC approximation is
accurate within 3% for a normal operation region below 80% of maximum loading. It was observed through
several scenarios that, as expected, the combined Markov chain provides the best approximation while the
average based and distribution based approximations both diverge sooner than the two other schemes when
the queue approaches the instability region. In the following, to help the figures readability, we will only
present some of the results obtained with the different approximations.

6.2 Impact of medium access probability

The probability of medium access on the control channel has a major influence on the performance of the
network. A very small p or a very large p makes the system unstable because, in the former case, a packet has
to wait several slots before the node tries to reserve a channel, and, in the latter case, there will be a lot of
collisions such that the reservation success probability will be very low. In Figure 4, we can see that for any
given scenario of the buffering MAC protocol, there is an optimal value for p which depends on the arrival
rate. This optimal value decreases when the total traffic load on the control channel increases due to either
an increase in the arrival rate, an increase in the number of nodes or smaller packets. Interestingly, it can be
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Figure 3: Performance comparison of the proposed schemes versus the variation of the arrival rate for the
buffering MAC protocol.
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Figure 4: Average system time for the buffering MAC protocol versus the Aloha-type probability of control
channel access, for different arrival rate and packet length values.

observed that by increasing the packet length (smaller ¢), even though the total system load and the delay
increase because the packets are now longer, the optimal probability of channel access p also increases. This
is due to the fact that with longer packets, the nodes return less frequently to the control channel. There is
thus less competition for channel reservation and a higher probability of control channel access is optimal.

It is also observed that the optimal control channel access probability is significantly larger than for the
saturated traffic model where the optimal value of p is very small [6]. There is also a large range of values
of p where the performance is similar. However, this range decreases with an increase in traffic load of the
system.

6.3 Impact of packet length

As observed in Figure 4, the system time increases when the system load increases either due to an increase
of arrival rate or packet length. In Figure 5, we investigate the impact of both parameters on the buffering
MAC protocol when the traffic load A/q is fixed. It can be observed that as the packet length increases (and
the arrival rate decreases), the system time decreases. This is due to the fact that in the network model with
an Aloha-type medium access algorithm, the main bottleneck is the competition on the control channel to
reserve a data channel. For a fixed traffic load, when the packet length increases, fewer nodes will therefore
participate in the competition and the nodes with a reserved channel spend more time on the reserved channel
and less time waiting on the control channel to get a reservation success.

6.4 Impact of transmission capacity

We investigate in this section the impact of transmission capacity which depends on the number of available
channels and the channel availability 1. In Figure 6, the number of nodes is fixed to NV = 10 and the number
of data channels is increasing from Mgs = 1 to Me = 10, for two different values of packet length. As
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Figure 5: Performance comparison for the buffering Figure 6: System time as a function of the number of
MAC protocol for a fixed traffic load of \/¢g = 0.85 data channels M¢ for the buffering MAC protocol.
and x = ¢ = 0.85.

discussed previously, when the number of nodes is high the probability of success in competition decreases
and all nodes spend a longer time for reserving a channel. Even though there are available channels, no node
can make a reservation; therefore, the increase of the number of channels provides no gain for the network.
When the packet length is small (¢ = 0.65), the packet transmission time is short, so a winner again joins
quickly the competing users and the probability to have even two channels busy at the same time is low.
With a longer packet length (¢ = 0.065), fewer users compete and data channels are more utilized. The
system time therefore decreases until 6 data channels are available and marginal gains are achieved for larger
values of M.

The observation that the main bottleneck of an Aloha-based cognitive radio MAC protocol is the channel
reservation competition on the control channel leads us to propose the concept of channel and node clustering.
That is, instead of having a single control channel the CR nodes and channels can be divided into clusters
where each cluster has its own control channel. The results presented in Figure 7 show the performance of such
a clustered system. We assumed a network with 10 nodes and 10 channels and compared the performance
when there is a single control channel and all nodes operate under a single entity of the buffering MAC
protocol (i.e., N = 10 and M¢ = 9) with the case where the nodes and channels are divided into two clusters
and each cluster has its own control channel and operate under an independent entity of the buffering MAC
protocol (i.e., N =5 and M¢ = 4). The probability of medium access, p, has been adjusted to the value
which minimizes the delay for each case. It can be observed that even though one additional channel is now
used as a control channel in the two-cluster case, and we thus have fewer data channels, the system time
has significantly decreased for all values of arrival rate. Furthermore, a larger arrival rate can be served
when there are two clusters. Those results confirm our hypothesis that the delay bottleneck is due to the
reservation competition on the control channel and the fact that, depending on the system parameters, it
might be more beneficial to add control channels than to add data transmission capacity.

Another important issue is the trade-off between the number of channels and their availability, when, for
instance, a cognitive radio network has the option of utilizing a spectrum with a large number of channels
with a lower availability per timeslot and another spectrum with a smaller number of channels with a higher
availability. In Figure 8, we investigate this tradeoff where the channel availability ¥ decreases when M¢
increases. Note that we kept the control channel availability constant. The interesting point to observe is that
there is an optimal point where the average delay is minimized. This is due to the fact that because of the
control channel access bottleneck, an increase in the number of channels does not provide any significant gain
for the network (see results presented in Figure 6) while the decrease in availability of the assigned channel
increases the transmission time of the packet. Such an optimal point exists for any network as a function of
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the system parameters, so the analytical queueing results presented in this paper enable the network designer

to select the best operating channel set.

6.5 Switching MAC protocol

In this section we investigate the performance of the switching MAC protocol. Figure 9 shows the system time
as a function of the arrival rate for N = 10 nodes. It can first be observed that the analytical approximations
provide a good prediction of the system performance. Those results also show that there is a significant
performance degradation, approximately 50% higher delay for similar parameters, versus the results presented
previously for the buffering MAC protocol. This is due to the fact that for a packet transmission a node
has to incur several reservation periods, which are the delay bottleneck, and furthermore this creates more
competition on the control channel, which further increases the reservation delay.
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Figure 9: System time for the switching MAC protocol as a function of the arrival rate.
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In Figure 10, the performance versus the variation of the number of data channels and channel availability
¢ is illustrated. It can easily be seen that the performance of the switching policy significantly degrades
especially when the packet length is long because the longer the packet are and the more frequent the
transmission occurs, the more often the nodes return to the control channel. However, we can still observe
for large packets (¢ = 0.035) an initial improvement when the number of channels increases from one to two.
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Figure 10: Performance comparison versus the variation of the number of data channels M¢ when the
channel availability, v, decreases for the switching MAC protocol. For Mg [1...10], we have
[0.85,0.8,0.75,0.7,0.65,0.6,0.55,0.5,0.45, 0.4].

Figure 11 shows the impact of Aloha access probability on the packet system time for the switching MAC
protocol. Those results first validate the occupancy Markov chain model. It is also interesting to observe
that even though the switching policy is more sensitive to an increase in packet length due to the frequent
returns to the control channel, there are some scenarios, as illustrated in the figure, in which having a lower
arrival rate with longer packets provides a better performance than having a higher arrival rate of shorter
packets.
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Since the switching occurs due to PU arrivals and not fading, we investigate the impact of variation of p,
on the system time. The results for the switching and buffering MAC protocols are illustrated in Figure 12.
When p. = 0, the two policies are naturally the same. When p. increases, the performance of the buffering
MAC policy only slightly deteriorates due to a small increase in packet transmission time. However, for the
switching MAC policy, each PU interruption incurs a large penalty of channel reservation. Therefore, the
performance quickly degrades as a function of p..

Comparing the results of the buffering and switching policies reveals that in all scenarios, the buffering
MAC protocol outperforms the switching. This is due to the homogeneity of the channels and memoryless
PU presence. That is, with the switching policy if the channel is not available, the node tries to reserve a
channel. In the best case, the reservation process will last one timeslot. However, the reserved channel has
the same probability of being available in the next timeslot as if the node stayed on the same channel with
the buffering policy. So there is no way for a node to decrease its transmission delay by switching.

7 Discussion

The assumptions in this paper are made for simplicity of presentation and for consistency with the assump-
tions in [6,7] to be able to compare and verify some of the results. In this section, we discuss how approximate
and simplified results can be employed in practice, and how other scenarios and assumptions can be addressed
as an extension to this work.

Approximations in practice As discussed, the relation between network parameters and performance can
not be represented with nice closed-form relations due to the complexity and dimension of the problem.
For practical purposes, the solution procedure will similarly use a combination of approximate and accurate
pure analytical and numerical analysis. An entity may observe and log network activities for a given period
to find different network parameters can statistically. The next step will be fitting simplified distributions
on the statistical distributions to be able to represent the complex observed parameters with simplified but
approximate simpler distributions. The central entity will then be able to use the results of this paper in order
to derive the approximate performance metrics and performance trends, and exploit them for optimization
and network design purposes. This cycle of observation, approximation and act revision is repeated, and the
period of re-computation will depend on network dynamism, observation overhead and processing limitations.
As the cumbersome step is to find the distribution of reservation periods, Xg, it is worth reminding that we
provided a framework and Markov chain model, which provides an opportunity for future work to come up
with other solutions/approximations for finding the distribution of reservation periods.

Memory-aware distributions Memoryless distributions decrease the state complexity and simplify the anal-
ysis. On the node side, a memory-aware arrival process results in a G/G/1 queue, which is known to be
complex and intractable [23]. However, a bulk Poisson arrival can be addressed and will induce additional
transitions in the queue occupancy Markov chain with no significant change in the delay analysis approach.
If the packet length is assumed to be generally distributed, an additional state variable is required to keep
the length of the remaining part of the packet for all users in service, which increases the state complexity.
For the channel, a packet capture model with memory (e.g., a Markov chain channel fading model [28])
can be addressed as follows. When a node starts using a channel, the user has no knowledge of the state
of the channel in the previous timeslot. Therefore, X (similarly for X, in the switching model) is found
conditioned on the channel state in the first timeslot. Then using the steady state probabilities, X1 can be
found. To solve the queue, the state of the channel of all transmitting (busy) users should be kept. The
delay cycle analysis approach will not be scalable anymore even for a two-state channel model. A multi-state
channel model needs more investigation because from the queueing point of view it results in a queueing
model with variable service rate. Addressing a Markov chain PU availability model with two states (geomet-
rically distributed ON/OFF periods) will be similar and results in the same approach and complexities. The
approach will be again to conditionally define the current state based on the unknown previous state, and
then using the steady-state probabilities to drop the condition. Generally distributed ON/OFF periods will
be more complicated since the state space will be larger and not scalable.
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Collision among secondary users We made the assumption that the list of channels not being used by the
secondary network is available, so a competition winner takes the first channel in the list and no collision
may happen among secondary users. This is the only limiting assumption on the spectrum knowledge, which
is however a common assumption in the literature on multi-channel cognitive radio networks. On the other
hand, if two or more secondary users operate concurrently on a channel, two cases may be considered: 1)
Channel capacity is shared among users and they may have a successful transmission with a lower rate, 2)
All users will have an unsuccessful transmission. The first case results in a variable rate , which, as discussed,
is complicated and remains as future work. The second case implies that the probability of successful
transmission, 7, will also be a function of the probability of reservation success and the probability that a
channel occupied by a secondary user is selected by the competition winner. Therefore, by changing the
definition of 7, the obtained results will be valid.

Heterogeneous users Throughout this work, we assumed that all users are homogeneous (same arrival rate
and packet length distribution). The queue occupancy Markov chain approach can easily address the case
with heterogeneous users by assuming a different A and ¢ for each user. For the delay cycle analysis, the
combined Markov chain should be enlarged to consider the heterogeneity of the users. Based on the number
of user classes, we need to have more state variables which increases the complexity.

CSMA MAC model In our system model, an Aloha contention management model was assumed. Considering
a more realistic CSMA model remains as future work. The approach will be to combine the CSMA Markov
chain proposed by Bianchi [29] and the Markov chains proposed in this work together to have a bigger
multi-dimensional Markov chain.

Distributed algorithms The proposed medium access models do not rely on any central entity, so they are
appropriate for distributed control. The only information which is assumed to be known in the whole network
is the list of channels not being used by the cognitive radio network, which can be obtained from broadcast
control messages. Otherwise, collisions between secondary users need to be considered.

8 Conclusion

In this paper, a delay and queueing analysis for a multi-node network with homogeneous users and an Aloha-
type medium access model was provided. Two different recovery models were considered: a waiting and
buffering recovery policy where the CR node waits for the primary user to vacate the channel and continues
the transmission on the same channel, and a switching policy where after the appearance of primary user,
a channel handover occurs. It was observed that access to the control channel to reserve a data channel is
the major bottleneck in Aloha, so any approach which decreases the number of competitors, such as having
fewer but longer packets and node clustering, improves the performance. The probability of medium access
in Aloha should also be adjusted carefully to have the minimum delay. With the assumption of having
homogeneous and memoryless channels, a buffering policy always outperforms the switching policy.

References

[1] Q. Zhao and B. Sadler, A survey of dynamic spectrum access, IEEE Signal Processing Magazine, 24(3), 79-89,
May 2007.

[2] Q. Zhao, L. Tong, A. Swami, and Y. Chen, Decentralized cognitive MAC for opportunistic spectrum access in
ad hoc networks: A POMDP framework, IEEE Journal on Selected Areas in Communications, 25(3), 589-600,
Apr. 2007.

[3] J. Jia, Q. Zhang, and X. Shen, HC-MAC: A hardware-constrained cognitive MAC for efficient spectrum man-
agement, IEEE Journal on Selected Areas in Communications, 26(1), 106-117, Jan. 2008.

[4] C. Cordeiro and K. Challapali, C-MAC: A cognitive MAC protocol for multi-channel wireless networks, in 2nd
IEEE International Symposium on New Frontiers in Dynamic Spectrum Access Networks, 2007. DySPAN 2007.,
Apr. 2007, 147-157.

[5] C. Cormio and K.R. Chowdhury, A survey on MAC protocols for cognitive radio networks, Ad Hoc Networks,
7(7), 1315-1329, Sep. 2009.



Les Cahiers du GERAD G-2014-97 21

(6]

7]

8]

P. Pawelczak, S. Pollin, H. So, A.R.S. Bahai, R.V. Prasad, and R. Hekmat, Performance analysis of multichannel
medium access control algorithms for opportunistic spectrum access, IEEE Trans. on Vehicular Technology, 58(6),
3014-3031, 2009.

J. Park, P. Pawelczak, and D. Cabric, Performance of joint spectrum sensing and mac algorithms for multichannel
opportunistic spectrum access ad hoc networks, IEEE Trans. on Mobile Computing, 10(7), 1011-1027, 2011.

P. Pawelczak, S. Pollin, H.-S. So, A. Bahai, R. Prasad, and R. Hekmat, Quality of service assessment of oppor-
tunistic spectrum access: a medium access control approach, IEEE Wireless Communications, 15(5), 20-29, Oct.
2008.

L. Wang, C. Wang, and K. Feng, A queueing-theoretical framework for QoS-enhanced spectrum management in
cognitive radio networks, IEEE Wireless Communications, 18(6), 18-26, Dec. 2011.

Cisco, Cisco visual networking index: Global mobile data traffic forecast update, 20127-2017, Cisco White Paper,
Feb. 2013.

A. Azarfar, J.-F. Frigon, and B. Sanso, Priority queueing models for cognitive radio networks with traffic differ-
entiation, [Available Online] at http://arxiv.org/pdf/1203.6413.pdf, 2013.

M. Rashid, J. Hossain, E. Hossain, and V. Bhargava, Opportunistic spectrum access in cognitive radio networks:
A queueing analytic model and admission controller design, in Proc. of IEEE GLOBECOM ’07., Nov. 2007,
4647-4652.

S. Wang, J. Zhang, and L. Tong, A characterization of delay performance of cognitive medium access, IEEE
Trans. on Wireless Communications, 11(2), 800-809, Feb. 2012.

S. Wang, J. Zhang, and L. Tong, Delay analysis for cognitive radio networks with random access: A fluid queue
view, in Proc. of 2010 IEEE INFOCOM, Mar. 2010, 1-9.

L. Wang, C. Wang, and C. Chang, Modeling and analysis for spectrum handoffs in cognitive radio networks,
IEEE Trans. on Mobile Computing, 11(9), 14991513, 2012.

A. Laourine, S. Chen, and L. Tong, Queuing analysis in multichannel cognitive spectrum access: A large deviation
approach, in Proc. of IEEE INFOCOM 2010, Mar. 2010, 1-9.

K. Kim, T-preemptive priority queue and its application to the analysis of an opportunistic spectrum access in
cognitive radio networks, Comput. Oper. Res., 39(7), 1394-1401, Jul. 2012.

A.O. Bicen, V.C. Gungor, and O.B. Akan, Delay-sensitive and multimedia communication in cognitive radio
sensor networks, Ad Hoc Networks, 10(5), 816-830, 2012, special Issue on Cognitive Radio Ad Hoc Networks.

Z. Liang, S. Feng, D. Zhao, and X. Shen, Delay performance analysis for supporting real-time traffic in a cognitive
radio sensor network, IEEE Trans. on Wireless Communications, 10(1), 325-335, Jan. 2011.

Y. Song and J. Xie, Prospect: A proactive spectrum handoff framework for cognitive radio ad hoc networks
without common control channel, IEEE Trans. on Mobile Computing, 11(7), 1127-1139, July 2012.

S. Chen, L. Tong, and Q. Zhao, Delay optimal multichannel opportunistic access, in Proc. of 2012 IEEE INFO-
COM, Mar. 2012, 1791-1799.

A. Azarfar, J.-F. Frigon, and B. Sanso, Analysis of cognitive radio networks based on a queueing model with server
interruptions, in Proc. of IEEE International Conference on Communications, ICC 2012, Jun. 2012, 1703-1708.

L. Kleinrock, Queuing Systems V.1. Wiley, 1975.
H. Takagi, Vacation and Priority Systems, ser. North-Holland. North-Holland, 1991.

H. Su and X. Zhang, Cross-layer based opportunistic MAC protocols for QoS provisionings over cognitive radio
wireless networks, IEEE JSAC, 26(1), 118-129, Jan. 2008.

H. Takagi, Queueing Analysis: Discrete-time systems, ser. Queueing Analysis: A Foundation of Performance
Evaluation. North-Holland, 1993.

D.R. Cox, Renewal Theory. Methuen; Wiley London, New York, 1962.

Q. Zhang and S. Kassam, Finite-state markov model for rayleigh fading channels, IEEE Trans. on Communica-
tions, 47(11), 1688-1692, Nov. 1999.

G. Bianchi, Performance analysis of the IEEE 802.11 distributed coordination function, IEEE JSAC, 18(3),
535-547, Mar. 2000.


http://arxiv.org/pdf/1203.6413.pdf

	Introduction
	System model
	Buffering MAC protocol: Queue occupancy markov chain analysis
	Buffering MAC protocol: Service cycle analysis
	Transmission time
	Reservation periods
	Combined Markov chain
	Reservation period distribution
	Solution procedure
	Other approximations


	Switching MAC protocol delay analysis
	Occupancy Markov chain
	Service cycle analysis
	Reservation period
	Renewal process


	Simulation and numerical results
	Impact of arrival rate
	Impact of medium access probability
	Impact of packet length
	Impact of transmission capacity
	Switching MAC protocol

	Discussion
	Conclusion

