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Abstract

This paper deals with the analytical modeling of the wireless networks supporting high speed
data services. A call admission control scheme with fixed resource reservation based on quality of
service (QoS) and priority is proposed. In this scheme, voice, video and data traffic are considered
to be arriving according to Markov arrival process (MAP) as it allows for the correlation among the
inter arrival times of the incoming calls. The channel holding times and the cell residential times are
assumed to be phase type distributed. Each type of traffic is distinguished as handoff and new calls.
Also, the high priority hard QoS (videol) and low priority soft QoS (video2) video calls are separated.
Further, in this scheme, voice calls have the maximum priority followed by videol, video2 and data
calls. The underlying stochastic process for the cell behavior is a quasi birth death process. The matrix
analytic approach is applied to obtain the important performance measures such as call blocking and
call dropping probabilities and total carried traffic. Our work can be used for dimensioning of the
wireless networks with realistic traffic.

Keywords: Wireless networks, Markov arrival process, call blocking and call dropping probabilities,
matrix analytic methods.

1 Introduction

The future wireless networks consisting of voice, data and video traffic promised to bring subscribers
the integrated wireless optical and internet technologies for “always on” access to multimedia contents
and services using portable and wireless devices with QoS guarantee. The wireless mobile networks are
expected to support wideband data and video services in addition to voice service. To provide QoS
guarantee in a wireless network environment, the bandwidth is required to be available wherever the
user goes on. The bandwidth of wireless link is inherently limited and is generally much less than its
wireline counterpart. Call admission control (CAC) schemes are generally employed in QoS provisioning
for wireless communication systems. The arriving calls are granted/denied access to the network by the
CAC schemes based on the predefined criteria taking the network loading conditions into considerations.
CAC schemes plays a critical role in QoS provisioning in terms of signal quality, call blocking and call
dropping probabilities, packet delay loss rate and transmission rate. A comprehensive survey on CAC in
wireless networks is given in [13].

Many CAC schemes have been proposed for voice calls only, for voice and data calls, and voice, video
and data calls and the various performance measures are determined. In the first and second generation
wireless networks, CAC has been developed for a single service environment,that is, consisting of voice
calls only. The analytical model for the CAC schemes in the wireless networks supporting only voice calls
is discussed in [1, 6, 25]. Haring et al [1] discussed the CAC schemes for voice calls with the exponential



inter arrival and channel holding times with fixed resource reservation for the handoff calls. Choi et.
al. [6] have used the quasi birth and death(QBD) process to present the analytical model for the cut
off priority scheme, with buffer for handoff and new voice calls. Dharmaraja et. al. [3] have obtained
the performance measuresfor the wireless networks with generally distributed handoff inter arrival times.
Jayasuriya et. al. [4] have carried out the simulations for the wireless networks with voice calls and found
that the service time is best modeled using phase type distributions.

Alfa and Li [26] have given the analytical model for the wireless networks in which the voice calls
are arriving according to Markov arrival process(MAP). Also, the call residence time and requested
call holding time have been modeled as the general phase type distributions. The increasing number
of customers and network complexity, customer behaviour in general and retrial phenomenon have all
had significant impact on the network performance. There is a large number of research papers
dealing with customer retrials attempts [15, 16, 27, 18] in the queueing model aspects. The
literature on retrial queues has been summarized in [17]. Alfa and Li [9] have used the matrix analytic
approach to describe the performance model with voice calls arriving according to MAP, with service
and retrial times follow phase type distributions.

In the third generation wireless networks, multimedia services such as voice, video and data calls
are offered with various QoS profiles. Hence, more sophisticated and efficient schemes are developed
to cope with these changes. FEnormous work has been done by the researchers on the performance
evaluation of the CAC schemes for wireless networks with voice and data calls [7, 8]. Randhawa and
Hardy [23] have presented an analytical model for the real and non real time traffic. They have assumed
the exponentially distributed inter arrival times and channel holding times for the voice and data calls.
The third generation wireless traffic is composed of voice and internet traffic. It has been considered
in [19, 20, 21] that the internet traffic shows the property of self similarity and burstiness. Thus, the
future generation wireless traffic is expected to possess the properties of self similarity and
burstiness. The traffic has to be modeled so that the self similar nature and burstiness are
taken into consideration. The self-similar nature of the wireless networks causes the correlation to
exist in the inter arrival times of the voice, data and video calls, that makes the assumption of exponential
inter arrival times and channel holding times invalid.

of phase

To measure the system performance in a realistic situation, it is important to model the traffic ar-
rival process and channel holding times with the general distributions. In this paper, we propose the
analytically tractable model of wireless networks with high speed data services consisting of voice, data
and video calls. We have used Markov arrival process for the call arrivals as MAP has the favourable
properties like the smoothening of the total traffic by the statistical aggregation of multiple MAP’s which
are individually burst in nature. Phase type distributions have been used to model channel holding times
and retrial times of the calls.

Rest of the paper is organized as follows: A detailed description of the cellular networks with voice,
data and video traffic with retrial phenomenon is given in section 2. In section 3, the CAC scheme
has been proposed. In section 4, by transforming the stochastic behaviour of the cell into a quasi birth
and death process, the explicit expression of the infinitesimal generator matrix governing the cell is
obtained. Section 5 discusses the important performance measures which are essential to analyze the
network efficiency. In section 6, the particular cases of this work are presented in detail. Finally, section
7 provides some concluding remarks.



2 Model Description

In the telecommunication systems, the service area is populated with base stations. The coverage area of
each base station is called cell and hence the name cellular networks. We assume that cells in a network
are statistically identically homogeneous with uniform traffic within the cells. In this performance model,
the incoming traffic has been classified as voice(ve), videol(vol), video2(vo2) and data(dt) calls. For each
traffic, two types of connections (new and handoff) may appear at the base station. Fixed guard channel
scheme has been proposed so as to provide the continuous connectivity to mobile users. The retrials of
the blocked calls have the negative influence on the fresh and handoff calls being connected as the offered
load becomes higher. Here, the calls arriving to find at least g channels busy (g varies for different traffic)
goes to “orbit” and keep on retrying for free channels to get connected.

A general phase type distributed cell residence times and call holding times are assumed. The call
arrival process for different traffic is modeled as follows:

The voice calls, new and handoff, both are modeled using a continuous time MAP as it allows for the
correlation of the inter arrival times of new and handoff calls. As discussed in the previous section, the
bursty and self similar nature of the arriving traffic allows for the existence of correlation among the
inter arrival times of new and handoff calls.

Data calls are assumed to arrive according to three state MAP as mobile station can be in any one of
the three different modes that are sleep, wake and active.

Finally, we consider the video calls. Video calls has been distinguished as hard QoS video calls referred
as videol calls, e.g., video conferences, live programs etc. and soft QoS video calls, e.g., video on demand,
referred as video2 calls. Like data and voice calls, videol and video2 calls have also been classified as new
and handoff calls. Video calls arrival also show the self similar nature and a need to model the traffic
according to a distribution that can capture the correlation among the call arrivals arises. We assume
that the arrival processes of videol and video2 traffics are MAPs with different parameters.

Some other detailed assumptions are as follows:

1. The vehicular mobility is characterized by the cell residence time R, of a vehicle
in a cell. The random variable R, is assumed to have a general phase type distribution
with representation (a, T) and dimension r. The residual residence time Rg is also phase type
distributed with representation (&, 7) and dimension r[11].

2. Therequested call holding times H ZN (¢ = ve,vo,d) of new calls are the duration of the requested new
call connection to the network, are independent and identically distributed random variables with
phase type distribution and having the representation ( 1N , SZN ) and dimension hfv . The residual

call holding times H—ZN are also phase type distributed with representation (8", S})
and and dimension kY. Note that videol and video2 calls are not distinguished once

connected.

3. The actual service time of new calls of type i, defined by S = min(HY, R;) is the minimum
of the call holding time and residual residence time. In light of the results in [11], S is phase
type distributed with representation (dy,,Ly;) = (@® BN, T @ SV) and dimension rh;. Similarly,

actual service time of handoff calls of type i defined by SH = min(FiH , Rs) as the minimum of

the residual call holding time and cell residence time is phase type distributed with representation

(0m,, Lu;) = (@ ® B,f] ,T @& SH and dimension 7hfl. To avoid the computational complexity, we

assume that SZ-N , SZ-H are identical and is taken to be S; for each traffic class i. Note that ® denotes

the kroneckar product and & is the kroneckar sum.



4. Calls namely new voice(nve), handoff video2(hvo2), new video2(nvo2), new and handoff data(nd,
hd), when on arriving find insufficient bandwidth to serve them joins the orbit. Let \;(i =
nve, hvo2, nvo2, hd,nd) be the arrival rate of calls of type i (to be discussed later in this sec-
tion) and p; be the probability with which calls of type i retries from the orbit. Then, p; can be
computed as E/l\i\z The calls in the orbit retry after a random interval R; which is again having
phase type distribution with representation (d, L) and dimension n.

5. The calls in the orbit will keep on retrying until it is successful in obtaining a channel or it departs
from the cell. Consider a random variable R = min(R;, R,) also follows the phase type distribution
represented as (a,, A,) = [@®d, T®L]. Here R represents the interval to the next retrial or departure
from the cell, which ever happens first. There are two absorbing states in this distribution- one
absorbing state corresponds to the state of departure from orbit as cell residence time completes and
the other absorbing state corresponds to the departure from the orbit due to successful connectivity.
Absorption to the states of connectivity has rates given by the vector A2(2) = e® L° and the rates of
absorption to the states of departure from the cell A2(1) = T°®@e. Hence A,qe+ A2(1) + A2(2) = 0.

6. Total voice call arrival process is modeled by continuous time Markov arrival process which we call
MAPI1. Then using the methodology in [9], let C¢ be the infinitesimal generator matrix of the K
state Markov process and the sojourn time in state ¢ is exponentially distributed with parameter
Ai,t = 1,2,..., K. The new voice and handoff call arrival rates are given by A,,. = 7Cy° and
Awe = mCP%e respectively, with, CV¢ = C§¢ + C}¢ + C}¢. Similarly, we model the videol, video2
and data calls total arrival process as MAP2, MAP3, MAP4 respectively, with the corresponding
arrival rates denoted as Apyo1, Anvols MNrwo2s Anvo2s Ahdy And-

3 Call Admission Control Scheme

In the proposed CAC scheme, the voice traffic is accorded the highest priority followed by video and
then data calls. The total traffic arriving in the network is classified, in decreasing order of priorities as
handoff voice, new voice, handoff videol, new videol, handoff video2, new video2, handoff data and new
data with notations hve, nve, hvol, nvol, hvo2, nvo2, hd and nd respectively. We assume that voice and
data calls are assigned only one channel whereas the video calls are assigned four channels.

Fixed number of channels h1, ha, hg and hy are reserved for handoff calls of voice, videol video2 and data
calls respectively, whereas n1,ne and ns channels for new voice, new videol and new video2 type of calls.
Since the new data calls are of least priority and can tolerate the delay, there is no need to reserve the
channels for them.

Let M be the total channels available in a cell. We define the following notations:

M, = z (h +ni)—h4 Ms =M —hy —n1 — hy
My = f’ 1 (hi + i) Mg =M —hy —my

M; = —1(hi+n;)) —hsy M;=M—-M

My = M_Zizl(hi‘f‘ni)

The acceptance of the traffic in a cell is made according to the Table 1.

When the handoff call(voice or videol) arrivals find no free channels to serve them according to their
guard channel policy they are dropped. New call arrivals are blocked in accordance with their guard
channel policy when no free channels are available.



Busy channels Connectivity to call type Calls going to orbit
i (size of orbit = J )
calls in orbit < J
0<i< M, all calls allowed -
M; <4< My | hve, nve, hvol, nvol, hvo2, nvo2, hd nd
My <1< Mg hve, nve, hvol, nvol, hvo2, nvo2 hd, nd
Ms <1< My hve, nve, hvol, nvol, hvo2 nvo2, hd, nd
My <i< Ms hve, nve, hvol,nvol hvo2, nvo2, hd, nd
Ms <1< Mg hve, nve, hvol hvo2, nvo2, hd, nd
Mg <1 < My hve, nve hvo2, nvo2, hd, nd
M; <1< M hve nve, hvo2, nvo2, hd, nd
1=M No calls nve, hvo2, nvo2, hd, nd

Table 1: Traffic arrivals

4 Analytical Model

The wireless network considered in this paper is a homogeneous network, every cell in this network is
considered to be statistically identical and independent of each other. Thus, by analyzing the performance
of a single cell, the performance of the whole network can be approximately characterized. Here, we
considered the general phase type distributions for cell residence times, channel holding times and retrial
times and the Markov arrival process for the traffic arrival of voice, video and data. The traffic arrival
process, channel holding times and retrial times are all mutually independent. In terms of the results of
the section 2, by transforming the cell’s state into a quasi birth and death process, we find the explicit
iterative expressions for the infinitesimal generator matrix in this section and then the steady state
probabilities and performance measures are obtained in section 5.

Let {X(t),t > 0} be a stochastic process for a given cell with M and J as the total number of
channels and buffer size in the orbit respectively. First, define the set for traffic m(m = ve,vo,d), SI* =
(s1,892,...,8;) with s, =1,2,...,hr, 1 <wv <iand r; = (ri,re,...,r;) withr, =1,2,...,nr 1 <wv <.
Let ¢ be the number of calls receiving service out of which j and k be the number of ongoing video(1
and 2) and data calls respectively and [ be the total number of new voice, handoff video2, new video2,
handoff data and new data calls in the orbit. Let tye, Uyo1, Uyo2, Ug e the phase of M AP1, M AP2, M AP3
and M AP4 of voice, videol, video2 and data calls arrival process respectively. S;’fj_k, S;’O, Sg be the
set of phase of service for voice, video(1 and 2) and data calls respectively and r; be the set of retrial
phase of [ calls in the orbit. The state space can be denoted as 2 = Q1 U Q5 U Q3 where the sub-state
space are €1 = {0,0,0,0, Uye, Uyo1 , Uyo2, Uq}; this corresponds to no call in the system that is neither in
the service nor in the orbit, Qs = {0,0,0,, wye, Uyo1, Uyo2, g, T7}; this corresponds to no calls receiving
service and [ calls in the orbit, Q3 = {4, 7, k, 1, tye, Uyol , Upo2, Uds Si i k>S5 Sg, r; }; this corresponds to
the state when ¢ calls are ongoing in the system and [ calls are waiting in the orbit. Here, 0 < ¢ < M,
0 < j < min{i, [%]} 8ay jm, 0 < k < min{i — j, Mo}, say kp, and 0 < [ < .J. [z] means the greatest
integer function of . Suppose that the underlying Markov chain of the arrival process of voice, videol,
video2 and data calls respectively has K7, K3, K3 and 3 states so that 1 < u,, < K,, m = (ve,vol,v02)
and 1 < ug < 3 for data traffic.



The generator matrix for the stochastic process is given below:

[ Qor Qoo
Q= QRiz Qi Qio
i Qum2 Qu |
where the elements of () are explained in the following.
[ Al Abo ] [ Ch 0 ]
QiO - O A;l A;O QZ'Q = 0 C;Q C;l 0
I 0 Aj. | i Clnz Ca |

and Qi1 = diag(Bg, ..., B},..., B} ).

The blocks ;o represents the transition in the Markov process when ¢ number of calls in service
increases by one. Similarly, ;2 gives the transitions when one of the ¢ calls in service gets completed.
Qi1 represents the no change in the service domain of the system, that is, the number of ongoing calls
do not change due to retrials or call arrivals.

In order to proceed with the analysis conveniently, we introduce the following notations as defined in

[9).

Definitions:
e [,,: Identity matrix of dimension w and O,: Square matrix of zeros of dimension w.
o I(w,s) =I,®,...0,1, and O(w,s) = Oy®,... DB, 0y
5 5
o Wi(i) = Lg®,...®, L. It represents no service completion by any of the i calls of type k, (k =
ve,vo,d) in servéce.
o W,.(i) = A,@®,...D, A,. It represents no retrial attempts by any of the i calls in the orbit.

2

—~~

o W, (i) = (4°%(2)a,)®,. .. ®, (A%(2)a,). Tt represents unsuccessful retrial by any of the i calls in the

~

~
i

orbit.

o V(i) = I(rhi,j) ® LY @ I(rh;,i — j —1). It represents a service completion by one of the i calls

j
of type k, (k = ve,vo,d) in service.
i1
o V.(i,1) = Z I(nr,j) ® A%(1) ® I(nr,i — j —1). It represents departure from the cell and orbit by

j=0
one of the i calls in the orbit without connecting.



o V (1,1) Z I(nr,j) ® (A%(2) ® 6) ® I(nr,i — j — 1). Tt represents successful retrial by one of the

¢ calls in the orbit.
First, we consider the blocks Q;p-

1. The block matrix elements A;-l and A;O represents an increase by one in the number of voice or
data calls and video calls respectively either due to fresh arrivals of traffic or successful retrials by
the calls in the orbit.

° A’1 is an upper diagonal block matrix with main diagonal elements A} ] 'L and A” 'L a5 the upper

diagonal block matrix. A,Cl represents an increase by one in the number of calls in service by
one due to fresh arrival or successful retrials by the voice calls when the system is having i
calls in service and out of those j are video calls and k are data calls. Likewise, increase in
the number of calls receiving service due to fresh arrivals or successful retrials by data calls
is represented by A;gol. Each of the block matrix A;gll and A;gol is a lower diagonal matrix
with the main diagonal elements as Af{lkl and A;{lko respectively, representing the transitions
corresponding to the fresh arrivals of the voice and data calls. The transition taking place due
to connectivity by the voice and data calls from the orbit are respectlvely, given by A” 1H and

Aglko. They are the lower diagonal elements of the matrices A,cl and A?OI.

The expressions are given as:
For:=0,1,...,M, j=0,1,...,9m, k=0,1,...,kp,and I =0,1,...,J

AT = N e O3 @ Ci @ Cf & Wae(i — j — k) & Wao(§) © Wa(k) 8 W,(1) (1)
AT = Ove @ O3 @ CY? @ N @ We(i — j — k) @ Wao(j) ® Wa(k) ® W, (1) (2)

Fori=0,1,...,M,5=0,1,...,5m, k=0,1,... . kmand I =1,...,J

AL = Ore @ O @ O3 © O @ Woe(i — j — k) @ Wao() ® Wa(k) ® g7V, (1) (3)

AGHO = O a3t @ O @ Cf @ Waeli — j — k) @ Wolj) @ Wa(k) @ hV,(1)  (4)
where
Cye+C¥, 0<i+3j<M; o
X ’ - . ) - , 0<i+4+3j< M
)\z"/JE = 0}11{16;7 M7 <1+ 3] <M ; g’l,] = { gn'Ue otherwisej !
0 otherwise ’
and
N Cd,+Ce 0<i+3j<M N Phd + Pna, 0<1i+35 < M
g =3 Ciy My <i+3j <My ; h*={ ppa, My <i+3j < M
0, otherwise 0, otherwise

2. The upper diagonal element Ai0 of the matrix (Q;p represents an increase by one in the number of
calls receiving service when v1deo(1 and 2) calls from the orbit or the fresh arrival gets connected.
For each 7 and j, A'0 is a diagonal matrix, A,cl being the diagonal elements. For each i,j and k,

A;{Okl

A;C]lo is a lower diagonal matrix. The main diagonal element of this matrix are represents an



increase in the video calls due to fresh arrivals of the video calls, whereas increment in the number
of video calls receiving service due to successful retrials from the orbit are represented by the A” Okl,
the system is having ¢ calls ongoing out of which j are video calls, k are data calls and [ calls are
in the orbit. The calls in the orbit keep on retrying for the free channel until connected or departs
from the cell due to cell residence times.

Fori=0,1,...,M -1,5=0,1,...,5m —1,k=0,1,....kpyand [ =0,...,J
ATOKE — e @ ABT @ CF @ Wae(i — j — k) @& Wao(j) @ Walk) & Wir(D) (5)

Fori=0,1,....M—1,j=01,...,5m -1, k=0,1,....kpand {=1,...,J

A = O @ C3 @ O3 @ Cf @ Waeli = j = k) © Wao(5) ® Wa(k) & m 7, (1) (6)
where
(Chigr + Crven)  (Ciigop + Clitga), 0 < i+ 3j +4 < Mj
L. (C;L)’()Ol + Cvgol) ©® 02202’ M3 <i+ 3.7 +4< M4
)‘?/]O = (02351 + CRoby) @ C§?, My <i+35+4< Ms
C;igol CvoZ, Ms <i+35+4 < Mg
0, otherwise
and ' '
o Phhvo2 + Pnvo2, 0 <1 +37 +4 < M3
mh = Phvo2, M3z <i+3j+4< My
0, otherwise
Now, we will consider the lower diagonal matrix blocks ;2 of the matrix . For each ¢ = 0,1,..., M,

Qi2 is a lower diagonal block matrix with C’;l as the diagonal elements and C;Q as the lower diagonal
elements.

1. C;l represents a reduction by one in the number of voice or data calls receiving service through
the call completion. It can be written as lower diagonal matrix with main diagonal elements
C(Z)]ll, e C’,Zc]ll, C,ZCJ 11 and lower diagonal elements 01721, ) C’,ZCJQI, C’,ZC] 12

° C’,i’f represents reduction by one in the number of ongoing voice calls and is a diagonal matrix
with diagonal elements Cl’flkl. Fori =1,....M, 5 =0,1,...,5m, k = 0,1,....kpn | =
0,1,...,J.

O™ = e @ 3 @ O3 @ CE @ Ve (i — § — k) @ Wao(j) @ Walk) @ W, (1) (7)

o CU! represents reduction by one in the number of ongoing calls due to service completion b,
k2 going p Y
one of the data calls when the system is having i calls ongoing with j video and k data calls.
C’,ZCJQ1 is also a diagonal matrix represented as

Cial = diag(CH™, ... ,cI™¥? . Ok
Fori=1,...,M,5=01,....5m, k=1,... . kn(=0,1,...,J

C™? = ¥ @ O3 @ O © CF & Waeli — j — k) © Wao(4) @ Va(k) ® W,(1) (8)



2. The lower diagonal elements C’;Q of the matrix ();2 is a diagonal block matrix that represents service
completion by one of the number of ongoing video calls. The diagonal elements of this matrix C’;Q
are given by Ci2% for k = 0,1,...,ky. Bach of C2% is diag(CI?*',... O/ ... C*"). For
i=1....M,5=1,...,0m, k=0,... )k, 1=0,1,...,J

ClPF = ¥ @ G @ O @ CF & Waeli — 7 — k) © Vio(§) @ Walk) ® W,(1) (9)

Lastly, we consider the diagonal elements ;1,7 = 0,1,..., M, of the generator matrix ). );; corre-
sponds to no change in the number of calls receiving service at the same time the number of calls in the
orbit may increase when an arriving calls finds insufficient channels and joins the orbit or decrease due
to cell residence time of the call gets over.

1. The diagonal elements of ();; are B;- that represents no change when ¢ calls are ongoing in the
system out of which j are video calls. It is possible through no service completion by any of the
ongoing calls as well as no fresh arrival of calls or through successful retrial of the calls from the
orbit. B;- = diag(By,..., B}, ... ,B,lc]m ). The matrix B}’ represents no change in the calls receiving

service when k are data calls. Each of B,ij is a tridiagonal matrix.

e The main diagonal element B;{k represents no change in the calls in service as well as no
change in the number of calls in the orbit, that is, no call joins the orbit or departs the orbit.
Fori=0,...,.M,j=0,1,....5m, k=0,...,k, 1 =0,1,...,J

BiF = 03¢ @ O3t @ O3 ® CF & We (i — 5 — k) ® Wao(j) & Wa(k) ® Wi (1) (10)

e The lower diagonal elements ng represents a call departure from the orbit and no change in
the service domain of the system. Fori =0,..., M, 7 =0,1,...,jm, k=0,...,knl=1,...,J

Bk = 3¢ @ Oy @ CJ @ CF @ Woe(i — j — k) © W (j) @ Wa(k) @ Vi(l,1) (11)

e The upper diagonal elements Bf{ k represents no change in the number of calls receiving service
but an increase in the number of calls in the orbit. New voice, handoff video2, new video2,
handoff data and new data calls when on arriving do not find free channels(according to
the CAC scheme) joins the orbit. For i = 0,..., M, j = 0,1,...,jm, k = 0,...,k, | =

0,1,...,J —1,
BYF = C§t @ 0" @ Wie(i — j — k) & Wio(j) & Wa(k) & Wr(l,1) (12)
where
( Cple O @ C32, My <i+3j < My
(Cily + Cy) @ C§° © Y2, My <i+3j<Ms
phik — nggg ® (Cﬁld;‘ cy) ? Cge,d M; < Z + 3j < My
(Crvoz + Chyoa) ® (Chg + Cpy) @ G, My <i+3j <My
CRe @ (CY92, + Cro2,) @ (Cl, + Cl) @ CYe, M7 <i+3j<M
L O, otherwise




5 System Performance Measures

We will first consider the stationary probability of the Markov chains and then list some important
measures along with their formulas. These measures are used to bring out the quantitative behavior of
the queueing models under study.

Let x partitioned as x = x(%,,k,l) with 0 < i < M, 0<j<jm, 0<k<kyn, 0<I<J where
Jm, km 1S as defined in the previous section, denote the steady state probability vector for the generator
matrix ). That is, x satisfies xQ =0, xe = 1.

Each x(i, 7, k,1) is a vector ordered in the lexicographical order based on the system state (i, j, k, [, tye,
Uyol s Uyo2, Ud, Sz —j—k> S Sd )

From these results we obtaln the following performance measures:

1. The probability mass function of the number of calls in orbit. The probability that there are [ calls
in the orbit is given by

M jm km

ZZszy,kl 0<I<J

=0 j=0 k=0

2. The probability mass function of the number of voice calls in the system. The probability that there
are v voice calls is given by

M ]m km

ZZZZ (i,7,d,l)e, withi+3j <M

t=v j=0 k=0 [=0
and M — (j+k)=v where 0 <v <M

3. The probability mass function of the number of video calls in the system. The probability that there
are j video calls is given by

M km
ZZszl 0<j < jm
i=j k=0 =0

4. The probability mass function of the number of data calls in the system. The probability that there
are k data calls is given by

M Jm J
=33 > x(i,j, ke, 0<k<ky
i=k j=i—k =0

5. The dropping probabilities of handoff voice and videol respectively are given as

m J
P = > Y > x(i,jkl)e, i+3j<Mand0<i<M, 0<j< jm.
i j k=01=0

Prot = > Y >3 x(i,j,k,l)e, Mg<i+3j<M, and0<i<M, 0<j< jim.
% 7 k=010=0

10



6. The blocking probabilities of new videol calls is given by

Pavor = ZZZZ x(i,j,k,l)e, Mg <i+3j <M and0<i<M, 0<j< jm
i j k=01=0

7. The probability that new voice, handoff video2, handoff data and new data calls respectively has
to join the orbit is given as follows for 0 <i < M, 0 < j < jn

km J
P = (=PI D DD x(i,j k,l)e. M7 <i+3j<M.

i j k=01=0

km J
Puoz = (1=P()D D D> x(i,4,k l)e. My<i+3j<M.

i j k=01=0

Puoy = ZZZZ iy k,D)e. Mz <i+3j < M.

i j k=01=0

km J
Phd = (]-_PT(J))ZZZZX(ZL]’kJ)e M2S2+3]SM

i j k=01=0

km J
Pug = (A=P)Y D YN x(i,4,k,le. My<i+3j<M.

i j k=01=0

Note that (1 — P.(J)) is the probability that the orbit is not full.
8. The Total Carried Traffic defined as the average number of channels occupied is given by
TCT = ZZZZ i+ 37)x(i, 7, k, e
=0 j=0 k=0 [=0
9. The average length of orbit is given by
M jm km J
L= Z ZZZX i,7,k,l)e

1=0 j=0 k=0 I=1

10. The average value of waiting time of calls in the retrial queue is given by

E(T) = L/[)\nv(l - an) + Ah'qu(l - Ph'on) + )\m)oQ(l - Pm}oQ) + )\hd(l - Phd) + )\nd(l - Pnd)]

6 Particular Cases

In this section, we illustrate the usefulness of our retrial queueing system by describing a variety of
queueing phenomenon which are obtained as particular cases of our model description.

11



6.1 Poisson arrivals, exponential service and retrial times, four type of calls

We consider that the arrival of handoff and new voice, videol, video 2 and data calls are modeled by a
Poisson process with rates Apy, Anv, Ahvols Anvols Mwo2s Anwvo2, Ard and A,g respectively. We also assume
that, for voice and data calls, actual service times are exponentially distributed with rates e and g
respectively, and for videol and video2 calls, actual service times are exponentially distributed with rate
Hvo- The time to quit from the orbit is exponentially distributed with rate i, and time for any call to
get connection is also exponential distributed with rate p,.. Let {X(¢),¢ > 0} be a stochastic process in
a given cell on the following state space:

Q= {i,j,k; 0<i < M; 0< < jim; 0< k< ks 0<1< T}

The memoryless property of the exponential inter arrival times of calls, channel holding times and retrial
times in the orbit assures that the problem can be formulated as a continuous time Markov chain.

This stochastic process can be studied as a QBD process and the corresponding generator matrix @)
is as given in the section 4. Now, we obtain the elements of matrix @) for this particular case.

First, we give the expression of A;’f’l’k’l and A;’Qj’l’k’l (refer equations (1) and (3)). When ¢ = 0,

ADOLOL _ \00 g AGOROL  g00 g =1L
fori=1,2,.... M, j=0,1,... jms k=0,1,... kpmand { = 0,1,...,J,

05,1,k 1 _ yi.] | i,5,1,k,1 _ 4,5
A =A Ay = ¢" % 1 * [l

VE>
where
Ao + Anw, 0 <0435 < My ) .
Ve = <i j ij — ) Pnv; 0<:+3j <My
ANVE ())\hva i\ﬁle;“:i;; 3j <M andg { 0 othermice

Similarly, we have the expression of Afij 1RO and Af’Qj 1RO (refer equations (2) and 4)). When i = 0,
APOLOY 200 g =0, T AR = Okl e, 1 =1,
fori=1,2,....M,§=0,1,....5m, k=0,1,... kmand I =0,1,...,J,

0,5,1,k,0 _ .7, 0,5,1,k,0 _ 14,5
ARPURO — \bd - qEILEO _ pid g

where
N Ahd + Ang, 0< 0+ 35 < My N Phd +Pnd, 0<1+35 <My
A =< Anas M, <i+3j <M, and h"7 =< ppa, M, <i+3j5 < M,
0, otherwise 0, otherwise

Now, we give the expression of Af’lj’o’k’l and Af’Qj’O’k’l (refer equations (??) and (?7?)). When i = 0,
0,0,0,0,1 0,0 0,0,0,0,1
A7 =), 1=0,...,J; Ag =m0« s pipe, 1=1,...,J;
fori=1,2,.... M, j=0,1,....jms k=0,1,... kmandl=0,1,...,J,

Z’?j?O’k:?l j— i?j . Z”j70’k71
All =A Al?

N |
VoS =m" * 1 % flye
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where

)\hvol + /\m}ol + )\th2 + Am}o2a 0<i+ 3_] +4 < M3

. )\hvol + /\m)ol + )\hvo% M3 < 1+ 3] +4 < M4
/\i’/]O = Ahvol + Anvols My <i+3j+4< Ms
)‘hvolv M5SZ+3]+4<M6
0, otherwise
Phvo2 + Prvo2, 0<1i+37+4 < M
mh = Phvo2, Ms<i+3j+4< M,
0, otherwise

Now, we consider the block elements of Q);2 (refer equations (7) and (9)). We have, for i = 1,2,. ..

i=0,1,...,m k=0,1,....kmand 1 =0,1,...,J,

iajzlakzl — y y . i:ja2zk71 — 9 . iajzlak’Q —
011 _(l_]_k)*/ﬁvea Cll —]*NUOaCll =k * puq

Finally, we consider the blocks of @;1 (refer equations (10) and (12)). When i = 0, we have
BYOO = (A 20 00, 1=0,1,...,0; BY =lwpupg, 1=1,...,J

Fori=1,2,...,M,5=01,....5m, k=0,1,... kyand [ =0,1,...,.J,

BjiPE = (DT 4 N XY = (i — = k) % e — J % pve — K * g,

Lk gk, b5,k _
Byt = "% Bt =1x g

where  =0,1,...,J —1,

[ Ands My <i+3j <M
Ahd + And, My <i+3j5 < Mj
nidk — ) Anvo2 + And + And, Mz <i+3j <My
)‘iwo2 + )\nv02 + )\hd + )‘nda My <@+ 3.7 < M7
/\m) + Ahon + )\nvOQ + )\hd + /\nda M7 < 1+ 3j <M
L 0, otherwise

Finally,

6.2 MAP arrivals, exponential service and retrial times, one type of call [31]

Our model description can also be used to describe the analytical framework of the system with one type
of calls arriving according to Markov arrival process, exponential service and retrial times. Each call
require only one channel for its connectivity. Below we discuss the modeling of such a system from our

model description.

Let C be the irreducible infinitesimal generator matrix of a K-state Markov process. Let Cy and Cy
represents the transition corresponding to no arrivals and transitions corresponding to arrivals such that
infinitesimal generator matrix corresponding to the underlying CTMC is C' = Cy + Cn. Let 7 be the
stationary probability vector for C' which can be calculated using 7C' = 0, me = 1. The call arrival rate
is given by A = mCye. The calls in the orbit keep on retrying for free channels after a random interval
that is exponentially distributed with rate #. Finite number of calls are allowed to go to orbit as it is of

fixed size J. The channel holding times of the calls is exponentially distributed with parameter p.
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The state space is given by {(i,7,u),0 <i < M,0 < j < J,1 <u < K}, where i is the number of busy
channels which also represent the number of ongoing calls, j is the number of calls in the orbit, and u
give the transition phase of the underlying Markov chain of the calls arrival process. Note that even if
there are calls waiting in the orbit and the channels are free, only the calls that retry from the orbit and
fresh arriving calls get connected.

We see that, in this case the matrix @) get simplified by two levels. The matrix () is given as

Qo1 Qoo
Q12 Quu Qo

Qiz Qi1 Qio

Qmz Qum
The blocks Q;p represents an increase in the number of calls receiving service, ();1 represents no change
in the number of calls in the service and ;2 gives the reduction in the number of calls receiving service
due to call completion when # calls in service for i =0,1,..., M.

First we consider the blocks @;9. Increase in the number of calls can take place either due to fresh
arrivals of calls or due to successful retrial by the calls from the orbit. It is written as a lower diagonal

matrix. )
0
Al Ay
Qio = '
A%J71)2 A?J71)1 ‘
Ay Ap

The matrices A;l and A;-Q corresponds to the increase in the number of calls in service due to fresh
arrivals of calls and due to successful retrials of calls respectively. The expressions are given as:

Ay =Cn,i=0,1,..., M =1, =0,1,...,J

Aty =j0I,i=0,1,..., M —1,j=1,...,J.

Next,we consider the blocks (;1- No change in the number of calls is possible when no service completion
takes place or no fresh arrival of calls occur or no successful retrials of calls from the orbit happens; at
the same time the number of calls in orbit may vary. It is written as a tri-diagonal matrix with main
diagonal elements (B}, Biy,... ,B]i-l, ..., B%)), where B;-l represents no change in the number of calls
of orbit also. The lower diagonal elements (Bi,, Bs,, ... ,B;Z, eee ,332) represents no change in the calls
receiving service but the calls in orbit decreases by one. This happens only if the call from the orbit
is successful in occupying a free channel. The upper diagonal elements (B, By, ..., B, -, Bj_y)
represents no change in the ongoing calls but an increase in the calls in the orbit occurs. This happens
when ¢ = M. The expressions are given as

. —ipd — j6 ® Cp, i=0,...,M—1,j=0,1,...,J
Bl =} —ipl + 58I ® Cy, i=M, j=0,1,...,J—1.
—ipl + 01 ® (Co+Cn), i=M, j=1J

The matrix B;-O represents an increase in the number of calls in orbit. It is possible only when on arriving
the calls do not find free channels and it joins the orbit.

i J0  0<i<M-1
P Oy, i=MO0< <1
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Decrement in the number of calls in the orbit is represented by B;Q. For i = 0,1,...,M — 1, the
transition when the calls in the orbit do not retry are considered, as retrial by calls from the orbit would
be successful thereby increasing the number of calls in service. When ¢ = M, the calls in the orbit make
unsuccessful retrials. Therefore,

M-1

i [0, i=01,...,
27T 461, i=M

Lastly, we consider the lower diagonal blocks @Q;o. It is a diagonal matrix for each i, the diagonal
elements give by C’J’:2 foreach j =0,1,...,J. C’;Q represents reduction in the number of ongoing calls due
to call completion when there are ¢ calls in service and j calls in the orbit. The corresponding expression
is given by —j01 +iul @ Cy, for j =0,1....,Jandi=1,..., M.

6.3 Poisson arrivals, phase type service and exponential retrial times, one type of
call

Our model can also be simplified to present the analytical model of the system consisting of one type of
calls arriving in accordance with Poisson distribution with rate A and having phase type service times.
Also, when the channels are busy, the calls go to orbit from where they keep on retrying for the free
channel. We assume that the calls in the orbit keep on retrying until connected. The retrial times are
exponentially distributed with rate 6. The channel holding times of the calls is phase type distributed
with representation (3, .S) of dimension N. The exit rate vector is s = —Se.

The state space is given by {(¢,7,S;),0 <7 < M,0 < j < J}, where ¢ is the number of busy channels
which also represent the number of ongoing calls, j is the number of calls in the orbit, 7 = 0,1,...,J,
Si; = (s1,82,.--,8i),8, = 1,2,...,N 1 < v < i represents the set of phases of i calls that are ongoing.
Note that even if there are calls waiting in the orbit and the channels are free, only the calls that retry
from the orbit and fresh arriving calls get connected.

Notations:
WE=SeSaS,...,aS, i times
It represents no call completion by any of the ¢ calls in service.
i—1
V(i)=Y I(N,j)@s®@I(N,i—j—1)
j=0
represents the service completion by one of the ¢ calls.

The infinitesimal generator matrix is same as given in case2. We give the corresponding elements below:
The upper diagonal block elements of () matrix are given as A;"1 =A,i=0,1,..., M—1,5=0,1,...,J
Aly=3j0I,i=0,1,..., M -1,j=1,...,J.

Similarly, the diagonal blocks elements are described as

-\ — 36, i=0,j=0,1,...,J
i _ ) Sii,9), i=1,...,.M—1, j=0,1,...,J
it W) +50 — N, i=M, j=0,1,...,.J.

W) +J0+ N, i=M, j=J

where S1(i,7) = W(i) — jOI — AI. It represents no service completion by any of the i calls, no retrial
attempts, and no call arrivals to the system.
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i 0 0<i<M-1
70 WG +M+50I, i=M,0<j<J—1
i 0, 1=0,1,....,.M -1
iz ) 461, i=M
The lower diagonal block of the () matrix represents the reduction in the number of ongoing calls due to
service completion, which is a diagonal block matrix for each i and j . The corresponding expression is
given by C}, = —j0I — N[ eV (i), for j=0,1....,Jandi=1,..., M.

Thus, we see that our model can be considered as a generalization of many retrial queueing systems.
Also further assumptions can be made to get the analytic model for queueing systems without retrials.

7 Conclusions and Future Work

In this paper, we have presented a performance model to obtain call blocking and dropping probabilities
and other important measures for the wireless networks supporting high speed data rate. In this model,
we have considered the Markov arrival process of voice, data and video traffic and phase type distributions
of call completion times and retrial times. A new CAC scheme with fixed resource reservation based
on the priority of traffic is proposed. We believe, that, based on our CAC scheme and the performance
analysis, the service provider will be able to enhance wireless networks designs and protocols. Also,
they can guarantee QoS requirements to vendors and give new directions in adding further features in
future wireless networks. Our work can be used for more accurate dimensioning of wireless networks with
realistic traffic. We propose to work on the problem of determining optimal number of guard channels
that should be reserved for voice, data and video calls so as to maximize the service providers revenue
at the same time meeting the desired QoS. We also propose to analyze our CAC scheme with dynamic
resource reservation for different type of traffics.
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