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Abstract—Cognitive Radio Network (CRN) aims to reduce
spectrum congestion by allowing secondary users to utilize idle
spectrum bands in the absence of primary users. However, the
overall user capacity and hence, the system throughput is
bounded by the total number of available idle channels in the
system. This paper aims to solve the problem of limited user
capacity in basic CRN by proposing a 2-tier CRN that allows
another tier (or layer) of secondary users to transmit, in addition
to the already existing set of primary and secondary users in the
system. Markov Models are designed step-wise to map the
interaction between primary and secondary users in both tiers by
including suitable traffic distribution models and system
parameters. Spectrum handoff is also incorporated in the
developed Markov Models. Performance analysis is carried out
in terms of SU transmission, dropping, blocking and handoff
probabilities along with mathematical formulation of the overall
SU throughput in 2-tier CRN. It confirms better spectrum
utilization in spectrum handoff enabled 2-tier CRN over basic
CRN with enhancement in quality of service for secondary users
in terms of reduced dropping and blocking probabilities.
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l. INTRODUCTION

Wireless communication has  witnessed increased
popularity owing to rapid development of mobile and portable
applications that have enabled users to communicate "anytime
anywhere". This has led to formulation of admission control
and network management policies to deal with the problems of
scalability, fairness, synchronization and security, that arise
with increased subscribers in wireless domain. Recent studies
[1,2] have clearly demonstrated that while spectrum congestion
hinders further growth in wireless communication, there are
plenty of idle spectrum regions that are left unutilized.
Cognitive Radio Network (CRN) [3-5] aims to create a
common spectrum pool by including all such unused spectrum
bands and allocate them to applications based on their
requirements. It deploys opportunistic mode of communication
where secondary or unlicensed users (SUs) transmit in the
frequency slots when the corresponding primary or licensed
users (PUs) are absent. However, practical implementation of
CRN must address the issues of spectrum analysis,
management and mobility, along with architectural
specifications [6].

Extensive research work is being carried out to achieve
higher spectrum utilization in CRN through formulation of
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appropriate Medium Access Control (MAC) protocols [7, 8],
handoff schemes [9], timing parameters [10, 11], etc. However,
the system capacity in all these works has a maximum upper
bound as derived in [12]. This paper introduces the concept of
“2-tier CRN” that increases the capacity of CRN by admitting
more number of SUs in the network. The SUs are categorized
into two tiers. The SUs in the first tier are Voice over IP (VoIP)
[13] users that transmit in the secondary transmission interval
when the PUs are sensed idle. The second tier of SUs performs
data transmission during the silence periods of VoIP SUs in the
first tier. To the best of our knowledge, no such work has been
reported on this issue so far as primarily, research has been
carried out in CRN comprising of only one tier of SUs.

Markov Model serves as an effective tool to design CRN
and has been implemented widely in recent works [14, 15].
The primary advantage of developing CRN with Markov
Model is that it incorporates user-defined traffic distribution for
PUs and SUs, along with customized network conditions and
thereby, facilitates study of the complex interaction between
PU and SU in CRN. Accordingly, the objective of this paper is
to design Markov Models for basic and 2-tier CRN and analyze
the increase in system capacity of 2-tier CRN over basic CRN
with respect to SU dropping, blocking, handoff and
transmission probabilities. A mathematical framework is also
established that calculates the SU throughput for a complete
spectrum handoff enabled 2-tier CRN.

The paper is organized as follows. The principle for 2-tier
CRN is discussed in Section Il. Markov Models for the first
and second tier of 2-tier CRN are described in Section 111 along
with spectrum handoff in these networks. Section IV provides
mathematical model to calculate SU throughput in 2-tier CRN
followed by performance analysis in Section V.

Il.  PRINCIPLE OF 2-TIER COGNITIVE RADIO NETWORK

The proposed 2-tier CRN consists of one tier of PUs and
two tiers of SUs. PUs are allotted designated channels for
transmission. When PUs are not transmitting, the idle channels
are utilized by SUs. SUs are categorized into VolP SUs and
DATA SUs. VolIP SUs demand higher Quality of Service
(QoS) and hence, have priority over the DATA SUs in
accessing idle channels. Therefore, channels are utilized by
SUs in the following manner.

e Whenever a licensed channel is sensed idle, VolP SU
occupies the channel and starts transmission. As VolP
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transmission occurs in talkspurts [16], there are idle
periods of inactivity that are detected by codecs. Silence
suppression [16] is performed, thereby making channel
accessible to other users. At the onset of another
talkspurt, the channel is reclaimed back by the VoIP SU
for transmission. VolIP SU, therefore, occupies the first
tier of 2-tier CRN and is denoted by SUtier1.

e DATA SU utilizes the channel during “off” period of
SUtierl and continues transmission until the channel is
either reclaimed back by VoIP SU or is sensed busy at
the end of secondary transmission time slot. These SUs
implement queuing models to reduce packet loss when
connection is terminated. DATA SU, thus, constitutes
the second tier of 2-tier CRN and is denoted by SUtier2.

The principle of 2-tier CRN is depicted in a flowchart in
Fig. 1.
Allot to
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Present? PU
© @
Is VoIP SU IsDATA SU N
Present? Present?
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[ Allotto VoIP SU | [ AllottoDATASU |

S —

Perform Speech
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Fig. 1. Flowchart depicting the principle of 2-tier CRN

I1l. DESIGN oF MARKOV MODEL FOR 2-TIER CRN

This section deals with the design of Markov Models to
study the interaction among PU, SUtierl and SUtier2 under
diverse channel conditions. Network is modelled as collection
of states where each state denotes channel status with respect
to PU, SUtierl and SUtier2. Let the steady state probability for
every such state be denoted by P (i,j,k,I,m) where

o i=total number of active PUs transmitting in CRN,

e j= total number of active SUtierl in CRN, that has
arrived in the CRN,

e k= total number of active SUtier2 in CRN, that has been
accepted by SUtier1,
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e |=current “status” of SUtier1, and
e m=current “status” of SUtier2

The term “status” denotes the action taken by SU under
different network conditions. The various status symbols along
with their meanings are described in Table I.

Development of Markov model for 2-tier CRN is carried
out incrementally in three phases. Initially, the first tier of CRN
is modeled considering appropriate traffic distributions of PU
and SUtierl. Secondly, SUtier2 is incorporated into the
designed model following the principle of 2-tier CRN as
discussed in Section |Il. Finally, spectrum handoff is
incorporated for all SUs in the CRN.

A. Markov Model Design for first tier of CRN with Spectrum
Handoff

Initially, the first tier of CRN is designed using Markov
Model. It is obvious that in the absence of any further tier of
SUs in the network, the first tier of CRN corresponds to the
basic CRN comprising of PUs and a single set of SUs. It is
considered that PU and SUtierl arrive in CRN following
Poisson distribution with mean rates 4, and /s respectively and
have negative exponential service time distribution with mean
rates 1/p, and 1/ respectively. In order to design the Markov
Model, P(i,j,k,I,m) is calculated for every possible state. As
SUtier2 is not present, k=0 for all P(®) in this scenario.

Spectrum handoff is implemented for SUtierl such that on
arrival of PU in current channel, SUtierl shifts to the nearest
available idle channel. It is to be noted that the implementation
of spectrum handoff is dependent on several factors that
include underlying MAC protocol, CRN architecture, handoff
policies, etc. and hence, its discussion is beyond the scope of
this paper. The generalized Markov model for CRN
comprising of N channels is developed in Fig. 2 followed by
the balance equations guiding the transmission of SUtier1.

TABLE I. STATUS SYMBOLS USED IN MARKOV MODEL

Definition

Transmission The SU has obtained access to a
Mode channel and is successfully

0 transmitting.

SU is not performing any
transmission, handoff, blocking or
dropping functions.

On PU arrival, the SU is
performing spectrum handoff
considering that an idle channel is
available in the system. SU
transmission is suspended
temporarily during the handoff
process.

SU transmission is suspended
permanently as PU has arrived in
the current channel and there are
no idle channels available in
CRN.

The incoming SU is not allowed
to gain access to any channel for
initiating transmission as there is
no idle channel left in CRN.

Status Value Meaning

Null Mode

1 Handoff Mode

2 Dropping Mode

3 Blocking Mode
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Fig. 2. Markov Model for the first tier of CRN

The balance equations governing the transmission of SUtier1 in the Markov Model for CRN are defined as follows.

i) it i <N=Li=0F (2, + 4+ ju PG, i,k 1,m)= APG, j -1k |,m)+ g, PG +1 jk,1,m)+ (j+2),PGi, j+1,k,1,m)
(1)

i) p+jgN—Li¢0L@p+4+qﬂ{uﬂJmLLKLmy%TKﬁ:iE;}%PG_LLk¢n0+4P@j-LKUM+PGJ—Lk¢m
+(i+2)u, P+, j,k,1,m)+(j+)e P, j+1,k,1,m) .

i) [iri=N,i=0} (2, +4 + i PG, j.k,1,m)=P(, j,k,30)+AP(i, j-1k,00) )

iv) \i+j==N,L¢0L@¢+@+qy,nyﬁp@ijmﬂz{N&G‘D‘j}%PG-LLkJmﬂ+4PﬁJ—LkJmﬂ+P@j—LKLm

P(i, j,k,2,0)+P(i, j,k,3,0)

-(i-1)
@)

B. Markov Model Design for 2-Tier CRN with Spectrum
Handoff only for SUtierl

In a 2-tier CRN, each SUtierl allows SUtier2 to transmit
during the silence periods as depicted in Fig. 1. Let SUtier2
arrive in CRN following Poisson distribution with 4 as the
mean rate and has negative exponential service time distribution
with mean rate of 1/p;. Considering total number of PU and
SUtierl in the network at a certain time interval to be i and j
respectively, the maximum number of SUtier2 admitted in CRN
is j. The addition of SUtier2 by SUtierl is depicted by a
segment of the Markov Model in Fig. 3.

Fig. 3. Admission of SUtier2 in 2-tier CRN
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The maximum system capacity in terms of users admitted in
2-tier CRN is given by,

CP =PU +SUtierl+ SUtier2 =i+ j+j=i+2j

SUtier2 does not perform spectrum handoff in this model.
Rather, it is dropped under three conditions namely, i) at a time
when SUtierl is dropped, ii) when SUtierl performs spectrum
handoff, and iii) after SUtier1 finishes transmission. Therefore,
status of SUtier2, as denoted by m in P(i,j,k,1,m), accepts values
of 0, 2 and 3 depending on its transmission, dropping and
blocking mode respectively. At any point of time, status
combinations for SUtierl and SUtier2 as represented by {I,m}
follow the conditions described in Table II.

Accordingly, the Markov Model for 2-tier CRN (where
spectrum handoff is performed by SUtierl only) is illustrated in
Fig. 4 along with the balance equations for SUtier1 and SUtier2.

Vol. 4, No. 6, 2013

TABLE II. STATUS CONDITIONS FOR THE DESIGNED MARKOV MODEL
OF 2-TIER CRN
Condition Reason

m={0,2}vme{l,m}:1 =1

l=1vlie{l,m}:m=1

SUtier2 is dropped when the
corresponding SUtierl
implements spectrum handoff.

m={0,3}\Vme{l,m}:1 =3

I=3vlie{lm}:m=3

The fact that SUtier2 is blocked
from accessing the channel
implies that SUtier1 is already
blocked.

m={0,2}vme{l,m}:1 =2

I =0vme {l,m}:m=2 when
j=k
—2vme {I,m}: m =2 when
j=k

Both SUtierl and SUtier2
transmissions can be dropped on
the arrival of PU. A special case
occurs when SUtier2 transmission
is dropped when the transmission
time interval for SUtier1 is over
and the channel is released.

PU Occupancy
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Fig. 4. Markov Model for 2-tier CRN with spectrum handoff only for SUtierl
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The balance equations guiding the transmission of SUtierl and SUtier2 in Markov Model for 2-tier CRN as per Fig. 4 are

defined as follows.
CASE I: SUtierl

i) i+ <N-Li=0k(2, + A+ A+ ju Pk m)= 2PG, -1k, m)+ ,Pli+1, .k, Lm)+ (j+2)PG, j + Lk, m)+ 4Pl jk +11,m) (6)
i) i+ <N-Li#0k (2, +4 +4 + ju, +imy PG, kL m)= B2, PG -1 kL m)+ P, j-1k10)+ 4 P(i, j,k +11,m)

+AP(0, j =Lk, I, m)+ (i +1)e, P(i+1 j, k1, m)+(j +1)e PG, j+1.K,1,m)+P(i, j—1,k1,2)
i) [i+]=N,i=0}(4, + 4 +4 + ju PG, .k, 1, m)=P(i, j,k,30)+ AP, j~Lk,I,m)+ PG, j.k +11,m)

()
®)

i) [i+]=N,i %0k (4 +4+4 + i +ig, PG j.k,Lm) = By d,Pi-L ko dm)+ PG, -1k, m)+P(i, j-1kL0)

+1P(i, j,k +11,m)+P(i, j,k,2,0)+ P(i, j,k,33)+ P(i, j -1,k 12)

CASE II: SUtier2

©)

V[ FSN=Lk< A, + 4 +4 + g+ PG kL m) = (k+ D PG, jk+LLm)+ PG, j-L kL m)+ P+, j,k,|,m)

+ AP(0, j,k=11,m)+(j+D)uP(i, j +1.k,1,m)

(10)

vi) [i+§<N-Lk=ji=0}: (2, +4 + ju +ke Pl jklm)= (3 +DpePli, j +Lk L m)+ Pl k| m)+ 2P0, j kL1 m)+P(, 1,k 02) (21)
vil) [i+J<N=Lk=ji20: (2, +4 +is, + ju, +ket JPli koL m)= 65 PG =L .k L m)+(+2)et P +1, k. L m)+ 4P(i, j.k-11,m)

+(j+0)u P, j+1k,1,m)+P(, j,k,02)

12
viii)fi+ =N, k< J,i#0 (2, + 4 + 4 +is, + ju +kee JPli kL m)=Pli, j-1k10)+ PG, j-Lk-112)+ &y 4, P -1 ok, m) -
+P(i .k 2.2)+P(i, j k,20)+ AP(i, -1 k0,0)+ 4P(i, .k -10,0)+ (k+ 1) (i, j k+100)+ P(i, j k:30) ;5

i) fi+7=Nk=jiz0} (2, + 4 +ig, + ju, +ke PG, ko1 m)= 84, Pi -1, koL m)+ P, j,k22)+ P, j,k,20)
+ AP(i, j,k =11, m)+P(i, j,k,33) 14)
x) fi+i=Nk=j,i=0} (4, + 4 + ju, +ke i, j.k,1,m) =P, j,k33)+ 4P, j,k~11,m) 15)
Xi) [T 7= N, K< 3= 0F 44+ + it +kat Pl ko lm)= AP0 J =Lk, m)+ 4P( k=L m)+ (k+ 2P j k+11,m)+ P(i j k30) 16)

C. Design of Markov Model for 2-Tier CRN with Spectrum
Handoff for SUtierl and SUtier2

In this section, Markov Model is designed for 2-tier CRN
where both SUtierl and SUtier2 perform spectrum handoff on
sudden PU arrival. As PU arrives in the current channel and
SUtierl shifts to another channel, it sends information about
the new channel to SUtier2. Thereafter, SUtier2 reorients its
transceiver to frequency band corresponding to new channel
and, thus, implements spectrum handoff. However, it must be
noted that since admission of SUtier2 in CRN is completely
governed by SUtierl, spectrum handoff can be performed by
SUtier2 only when corresponding SUtierl executes spectrum
handoff and is represented by the following condition.

m={01}vme{l,m}:1=1

where |, m denote the status symbols in P(e).

A7)

Enabling handoff for all SUs in the network implies that as
long as there are idle channels available in the system, the
average system capacity is close to the maximum system
capacity that is expressed in (5). Table Il illustrates the
conditions under which spectrum handoff can be performed by
either only SUtierl or both SUtier1 and SUtier2.

However, handoff mechanisms fail when all the idle
channels are occupied by PUs and SUs. Mathematically, it is

represented by, N =i+ (18)

where N, i, j denote total number of channels, PU and
SUtierl in CRN respectively.

In this scenario, it can be ascertained from Table 111 that,
5=1-(r+p) =N=(i+])=0 (19)

Any further arrival of PU results in two cases.

e Casel k< j,N>(i+j)

Only SUtierl is dropped as there is no SUtier2 in this
channel. The probability of SUtierl being dropped on PU
arrival is given by,

i
N —i (20)
o Case2 k=j,N>(i+]j)

7/:

Both SUtierl and SUtier2 are dropped on arrival of PU
with probability as expressed in (21).
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j—k probability = 1.
p=-— (22)
N —i The complete Markov Model for 2-tier CRN with spectrum
o Case3: k=j,N :(i + j) handoff implemented by all SUs is depicted in Fig. 5. Symbols

. ] . . as used in Fig. 4 are applied to denote the states in Fig. 5. The
SUtierl and SUtier2 are dropped as PU arrives with  most significant balance equations for SUtierl and SUtier2

corresponding to Fig. 5 are given as under.

The balance equations governing transmission of SUtier1 and SUtier2 in 2-tier CRN as per Fig. 5 are defined as follows.
CASE I: SUtierl

i) [i+]<N-Li=0k(2,+4+A + ju Pl j.kdm)= APl -1k Lm)+ g, Pli+L j kL m)+ (5 + Pl j+1k L m)+ 4Pl jik+L1m) (22)
i) [i+]<N=1i#0} (1, + 4 +4 + ju, +ig, PG, .k m)= B 4, PA-1 k1 m)+ PG, j-1k10)+ 4P, j,k +11,m)
+ AP, j-Lk,1,m)+ (i +2)z, P +1 j, k1, m)+(j+ 1) P(i, j+1k,1,m)+P(i, j—1,k 1,2) (23)
i) [i+j=N,i=0}(2, +4 +4 + ju PG, i.k,1,m)=P(, j,k,30)+ AP, j~Lk1,m)+ PG, j,k+11,m) (24)
) [i+5=N, 20 (1, +4 +4 + i +igg PG, kL m)= By 2, P -1 .k Lm)+ A P(, j-Lk,1m)+ P(i, -1k L0)
+1P(i, .k +L11,m)+P(i, j,k,2,0)+ P(i, j,k,33)+P(i, j -1,k 12) (25)
CASE II: SUtier2
V) i+ JEN=TR< R0, + A+ A+ ke PG5k Lm) = (k+2 PG, k1L m)+ PG, -1k 8m)+ g, P +1, 1.k Lm)
+ AP(0, j,k=11,m)+(j+D)uP(i, j +1.k,1,m) (26)
vi) [i+JSN-Lk= =002, + 4 + e +ke P, ko dm) = (5+DpPli, j+ 2K, 0m)+ Pl jok | m)+ 4PG k=11 m)+P(, j,k02) (27)
vii) [+ JN-Lk=jiz0} (4, +4 +is, + jot, +has P, kol m)= 6y PlE-L ok m)+ i+D), P42 .k, L m)+ 4,PG,  k=11m)
+(j+2)e PG, j+1.k,1,m)+P(i, j,k,02)+P(i, j -1k ~111) (28)
viii) [i+7=N k< iz 0: (4, + 4 + 4 +ig, + ju +ke PG, gk, m)=P(Q, j-Lk10)+ Pli, -1k -110)+ &y, 4, P -1 j.k L, m)
+P(i, ,k,2,2)+P(i, j,k,2,0)+ A.P(i, -1 k,0,0)+ AP(i, j,k =1,0,0)+ (k + 1), P(i, jk +10,0)+ P(i, jk,30) (29)
) [i+5=Nk=Ji=0} (2, + 4 +ig, + ju, +kee PG, k1 m) =Gy, PG -1 .k, 1 m)+P(i, j,k,2.2)+P(i, j,k,20)

+A4P(, j,k=11,m)+P(i, j,k,33) (30)
i+j=N,k=ji=0| : o - -
X) i+i=Nk=j (ﬂp+AS+J,us+k,ut)P(|,J,k,I,m):P(l,j,k,3,3)+ﬂ,tP(|,J,k—1,I,m) (31)
i [i+j=Nk<ji=0] (/Ip T A+ k,ut)P(l, jokdm) = ARG, j-Lk,1m)+ AP(i, k=L m)+ (K +L)Pli, j.k +11,m)+ (i ],k,3,0)(32)
TABLE III. DIFFERENT HANDOFF AND DROPPING CONDITIONS FOR SUTIERL AND SUTIER2
Handoff by SUtier1 only Handoff by SUtier1 and SUtier2
Condition | PU Arrival Status Probability \Value \Value
of Remark of Remark
£1.m} {1.m}
PU arrives at a channel occupied by both SUtierl i .
and SUtier2. There are idle channels available in Y= J - {1,2} Han_doff_b)éSUtleal. {1,1} [Handoff by SUtierl and SUtier2
CRN. N —i SUtier2 is dropped.
. . . . i Handoff only by . S
j=k PU arrives at a channel that_ls use_d by SUtierl only. p= Ji £1,0} [SUtier1. SUtier? is 1,0} Handoff only by SUtierl. SUtier2 is
There are idle channels available in CRN. N — unaffected.
| unaffected.
PU occupies the channel not used by both SUtierl . .
and SUtinZ. y 1) =1—(7+p) 0,0} [No handoff required  [{0,0} [No handoff required
PU arrives at a channel occupied by both SUtierl k .
and SUtier2. There are idle channels available in y= - {1,2} gSn.dOff.b%SU“egl' {1,1} [Handoff by SUtierl and SUtier2
j=k CRN. N —i tier2 is dropped.
zr:‘(ljoscﬁgizlés the channel not used by both SUtierl | g __q __ 7 10,0} |No handoff required  {0,0} [No handoff required
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Fig. 5. Complete Markov Model for 2-tier CRN with spectrum handoff for both SUtierl and SUtier2

www.ijacsa.thesai.org

189|Page



(IJACSA) International Journal of Advanced Computer Science and Applications,

IV. MATHEMATICAL FORMULATION OF SU THROUGHPUT
IN2-TIER CRN

A mathematical expression is derived to obtain the
throughput for the 2" SUtier1 that arrives in the proposed 2-
tier spectrum handoff enabled CRN. It must be noted that the
number of available idle channels varies significantly
depending on total number of spectrum handoff instances
performed by existing SUs. Similarly, the number of SUs to
get access to idle channels depends on the total number of
SUtier2 supported by SUtierl. Let m(t) be the overall number
of available idle channels in CRN. Considering the effects of
imperfect sensing by SUtierl (false alarm and miss-detection),
the total number of measured unoccupied channels as
expressed in [17] is modified with respect to a particular time
interval t and is defined as,

m'(t) = m(t)—m(t)x p; ()+ (M —m(t))x(@-py()) @3

Let Phy(@) be the probability of spectrum handoff
performed by bth SU in tier 1 to shift from the current channel
a’ to a™ channel. Therefore, the throughput for the b™ SUtier1
having transmission rate R,(VolP) in a particular idle channel
a’ atatime interval tis given by,

C; " (t)=(1-Ph, (a)>{Rav(V0'P)[ml (tl) _1][ m' (tl) —1][1_ m’ (tl) —le}

(34)

where j=total number of SUs in the system

Let Ps(®) be a binary variable that defines whether
SUtier2 is granted access by SUtier1 and is defined as follows.

Pss(b) = 1 when b™" SUtier1 allows SUtier2 to transmit
= 0 otherwise. (35)

Accordingly, throughput of SUtier2 with transmission rate
as R, (DATA) in the a™" channel at time interval t is given by,

Cf“““z(t):Pss(b){Ra.(DATA{ml(t)_lj[ = j[l— L ]}
1 m'(t)-1 m'(t)-1

(36)
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Combining (34) and (36), the total throughput for a
particular set of SUtierl and SUtier2 is expressed in (39).

There are several possibilities with respect to allotment of
an idle channel to SUtierl and is depicted as a three-layered
tree in Fig. 6. For the 2" SUtierl in the system, the first layer
determines whether the preceding SUtierl grants access to
SUtier2 or not. The second layer specifies the probabilities
with which the 1% SUtierl performs spectrum handoff in
different channels. The third layer indicates the different
spectrum handoff probabilities for the 2™ SUtier1.

A special case occurs when the 1% SUtierl performs
repeated handoff and finallgl occupies the penultimate channel.
In this condition, the 2™ SUtierl occupies only the last
available idle channel and is dropped on the event of any
further PU arrival as it cannot perform any spectrum handoff.
Let Consumrou denote the throughput of 2™ SUtierl
corresponding to the second layer of the tree. The general
expression for Congsumrou IS derived in (36). It is further
modified to include the different conditions of spectrum
handoff as per Fig. 6 and is expressed in (40).

Let Cangsu be the overall throughput of 2™ SUtier1 at the
topmost layer of the tree and is given by,

CanSU (t) = Pss (l)CanSUthrou(t)+ (1_ I:)ss (1))C2ndsuthrou(t) (37)

V. PERFORMANCE ANALYSIS

This section analyzes the developed Markov models to
establish the superiority of 2-tier CRN over basic CRN and
also records significant performance improvement after
incorporating spectrum handoff in 2-tier CRN. The key
parameters that are used to analyze the performance
improvement of 2-tier CRN over basic CRN include SU
transmission, spectrum handoff, blocking and dropping
probabilities and overall SU throughput.

Let P, denote limiting probability of SU acceptance by
available idle channel in CRN and is expressed as follows.

N-1

P = 2.P(i.i000) (39)

csummu(t)=(1—phb(a))HRa-(vmp)(m'(t)‘lj( L j[1— L ]J}+Pss(b){Ra.(DATA)[m'“)‘lj( L ](1_ 1 jj H (39)
1 m'(t)-1 m'(t)-1 1 m'(t)-1 m'(t)-1

2" SUtier1

1° Layer: SUtier2 Allocation L —

o 0 ]
2" Layer: 1° SUtier1l
Activity ‘/‘/ J \ A/A/ ¢ \
1-Phy(2)  Phy(2) Phy(3)... Phy(m’()-1) 1-Ph;(2) Phy(2) Phi(3) Phl(m’(t)-1)|

3" Layer: 2" SUtierl

Activity ‘/‘/J \

e b Ny !

| 1-Ph(3)Phy(3) Phy(4) -~ Phom’() --------- NA

1-Phy(3) Phy(3) Phy(4) - -

th(m ’(t)) ......... NA |

Fig. 6. Schematic Representation of all possibilities regarding channel allocation for 2" SUtier1 on arrival in CRN
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Communm?) = [{(1 e )){(1_%2(3){&(\/0'% b 1J(m(t) J[ m'(t) - 1) PSS(Z)RZ(DATA{M(?_1j(m'(tl)—1j[l_m'(tl)—ljm}

T8 om0, st memom (" ot
1 m'(t)—k+1 m(t) k+1 1 m'(t)—k+1 m'(t)—k+1

I J[l- i) emom(" i)

m'(t)-2 m'(t)-2 1 m'(t)-2 m'(t)-2

+ [Py O)[R,(, VoIP)+ Pss(R,,, (DATA)|+ {(Phl(z)){(l- Ph,(4 )){ 3(vO|P)[

m'(t) -

[m(ilPh ){ vw)(m'(t)_k”][ ! J[1— !
1 MO-Kk+1 )\ m@O-—k+1

+|Ph, (M' )[Ry, (VOIP )+ PsS(2)R ., (DATA) [+ ....occ. +
where | = J—3m=j—4V Pss(1),
l=j—2,m=j-3V(@1-Pss())

] +Pss(z)Rk(DATA)[m'(t)_k”j( 1 J[l— 1 J 1
1 M-kl m-k+1
|Ph, (' () ~1)|R , (VOIP) + PsS(2)R ., (DATA)|

(40)
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" [~—2-Tier CRN
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0.2p

0.151

0.1r
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SU Arrival Rate

Fig. 7. Variation in limiting probability of SU acceptance by CRN with SU
arrival rate

It is observed from Fig. 7 that 2-tier CRN provides higher
probability of SU acceptance than basic CRN and thus reduces
the overall blocking probability (denoted by Pg).

Let Pp define the steady state dropping probability that SU
transmission is dropped before scheduled transmission interval
is over. The expression for Pp is derived from [18] and is
expressed in (41) as per the designed Markov Model.

Z IDdrop

> (1_ I:>B ))“s
(41)

where P, o =>"P(i, j.k,1,m) v (,m)=(2,2)[(2,0)[(0,2)

Therefore, spectrum handoff must be performed by SUs to
shift to available idle channels on PU arrival to reduce Pp. Let
Phandoff tiert @Nd  Phrandoit ez be the probabilities of spectrum
handoff performed by SUtierl and SUtier2 respectively and are
expressed as follows.

> P(i, j,010) 42)

Phandoffftierl(i’ J)= (1_ P )l
B/ s

> P(i,j,011) 3
Phandoff tlerz(l ) (1 PB)/’LS (4)

The dropping and handoff probabilities for SUs in 2-tier
CRN are plotted in Fig. 8 and Fig. 9 respectively, for two
scenarios that correspond to i) spectrum handoff by SUtierl
only, and ii) spectrum handoff by SUtierl and SUtier2. It is

imperative that when SUtierl performs spectrum handoff,
SUtier2 is either dropped or else it must also perform handoff.
This situation is clearly reflected in Fig. 8 where Py is less for
scenario 2 compared to scenariol.

Therefore, reduction in blocking and dropping probabilities
must increase SU throughput in spectrum handoff enabled 2-
tier CRN. This is illustrated in Fig. 10 that plots the probability
of successful transmission by SUs with increase in PU activity.
It is observed from the figure that 2-tier CRN with complete
spectrum handoff has the highest probability of transmission

0.6

——2-tier CRN with spectrum handoff by SUtierl and SUtier2
0.5|—2-tier CRN with spectrum handoff by SUtierl

0.4
0.3
0.2

SU Dropping
Probability

0'10 0.2 0.4 0.6 0.8 1

PU Arrival Rate
ig. 8. Variation in SU dropping probability in CRN with PU arrival rate

I

0.4

J*Z-Tier CRN with spectral handoff by SUtierl and SUtier2

T T
—o-2-Tier CRN with spectral handoff by SUtierl 1

c L L . L L . c
8.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

PU Arrival Rate

Fig. 9. Performance of 2-tier CRN with respect to SU handoff probability for
varying PU arrival rate
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Fig. 10. Variation in probability of successful transmission by SU in CRN

with PU arrival rate

191|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

k— 0.8 T

> ——Spectrum handoff enabled 2-tier CRN
= 0.7+ —e—Spectrum handoff disabled 2-tier CRN
T~ N

[ k) —=—Spectrum handoff enabled basic CRN
g g 0.6 ——Spectrum handoff disabled basic CRN
£ 8 ost 1
l_ w

> !q—) 0.41 4
n % 03— ,
.a’;‘) ~ 0.2 7'""""'er,,,,,,w’rrewrww iy
T & o1 R ]
é N—r 0 L I L L

S (0] 0.2 0.4_ 0.6 . 0.8

Z PU Arrival Probability

Fig. 11. Effect of spectrum handoff on normalized SU throughput with
varying PU arrival probability for basic and 2-tier CRN

The normalized SU throughput as obtained from (37) is
plotted in Fig. 11 for increasing probability of PU arrival on the
current channel with respect to 2-tier CRN and basic CRN. As
observed from the figure, spectrum handoff enabled 2-tier CRN
provides the highest SU throughput compared to the other
scenarios. In addition, CRN implementing spectrum handoff
performs better as it records almost 25% enhancement in
throughput (for 0.5 PU arrival probability) compared to
spectrum handoff disabled CRN. However, as PU activity
increases in CRN, number of idle channels reduces drastically.
Under such circumstances, throughput for SUs supporting
spectrum handoff decreases as reflected in Fig. 11.

Thus, observation from the designed Markov Model in Fig.
10 is validated using output derived from the mathematical
model as represented in Fig. 11.

V1. CONCLUSION

This work has addressed the problem of limited system
capacity in basic CRN by designing a 2-tier CRN that allows
more number of SUs in the system. While the first tier of SUs
involve in VolP communication, the second tier of SUs exploit
the silence periods in VolP transmission to send data. Markov
Models have been designed in this regard to highlight the
difference between basic and 2-tier CRN. Spectrum handoff
has also been incorporated in the developed Markov Model for
performance enhancement. Analysis of the Markov models has
recorded significant reduction in SU dropping and blocking
probabilities in spectrum handoff enabled 2-tier CRN along
with increase in successful transmission probabilities for SUs.
A mathematical framework to study SU behavior has been
formulated, that has recorded highest SU throughput after
enabling spectrum handoff in 2-tier CRN and has, thus,
confirmed the inference drawn from the Markov models. The
2-tier CRN is being studied presently to devise appropriate
MAC protocols and spectrum handoff policies apart from
architectural modifications and channel reservation schemes.
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