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Abstract
The standardization of 5G wireless next generation networks is planned to be
started by 3GPP consortium in 2020. Nevertheless, for today, there is the lack
of QoS related 3GPP and ITU-T recommendations describing various popular
services, for example video conferencing. The problem is to find the optimal
bit rate values for this service not affecting the background lower priority
services. In this paper, we propose a tool to solve this problem. The tool
includes, first, a mathematical model of pre-emption based radio admission
control scheme for video conferencing and background video on demand,
and second, an effective algorithm for calculating QoS parameters for these
services. The results of the paper could be used to find the optimal bit rates
for video conferencing and further develop a proposition for standardization
activities in video conferencing recommended parameters.
∗

The reported study was partially supported by RFBR, research project No. 13-07-00953.

Journal of ICT, Vol. 3, 3–28.
doi: 10.13052/jicts2245-800X.311
c 2015 River Publishers. All rights reserved.


4 V. Y. Borodakiy et al.
Keywords: 5G, LTE, video conferencing, video on demand, radio admission
control, pre-emption, service degradation, service interruption, QoS, blocking
probability, pre-emption probability, mean bit rate, teletraffic theory, queuing
theory.

1 Introduction
We perceive emerging developments in ICTs in various areas of our dynamic
life. The concept of getting services and applications “at any time” and
“in any place” imposes the corresponding development in wireless next
generation networks. The rapid worldwide deployment of 4G LTE [1] cellular
networks as well as the further its development towards 5G and the increasing
demand for new services are the key ICT trends that highlight the need for
future improvements in technologies underlying LTE. Although 3GPP (3ed
Generation Partnership Project) consortium concentrates all standardization
activities in LTE (see TS 36.300 for a description of the LTE architecture),
ITU-T recommendations reflect the main quality of service (QoS) requirements in ICTs. Nevertheless, QoS related ITU-T recommendations (i.e.
E.800–E.899, G.1000–G.1999, Y.1500–Y.1599, Y.2100–Y.2199 series) do not
describe all the variety of products and services provided by cellular networks.
This fact raises the need for updates in these recommendations for 4G and
further 5G recommendations. In 2020, 3GPP plans to release the first set
of specifications that will define 5G networks. Until 2020, 3GPP proposes
to conduct scientific research for 5G specifications development. Thus, until
2020, there will be no standardized solutions, methods and technologies for
5G networks. Therefore, an important task is to develop offers for improving
the technological base of 4G networks towards 5G.
LTE and LTE-Advanced networks deployment is inseparably linked with
maintaining the quality of service (QoS) and enhancing customer base.
Meeting the corresponding radio resource related requirements is the primarily
aim of the radio resource management (RRM). Managing radio resources
encompasses the radio admission control (RAC), dynamic resource allocation,
inter-cell interference coordination (ICIC), etc. RAC schemes are closely
related to the types of services provided to customers. The 3GPP specifications
(TS 36.300, TS 23.401, TS 23.203) for LTE and LTE-Advanced networks
specify nine service classes (QoS class identifier, QCI) that differ in terms of
the bit rate, priority level, and packet error loss.
Each of the nine service classes could be provided on guaranteed bit rate
(GBR) or on non-guaranteed bit rate (non-GBR). The first four classes are GBR
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services, for example, video on demand (VoD), other five classes are non-GBR
services, for example, web browsing, email. GBR services could be provided
not only on one value of bit rate. Its bit rate can change from a maximum
value – the so-called maximum bit rate (MBR) – to a minimum value – GBR –
depending on the cell load and RAC scheme. This bit rate changes do not alter
the service duration. Whereas, the bit rate changes for non-GBR services
result in varying the service duration. According to these principles, in terms
of teletraffic and queuing theories, services provided on GBR correspond
to streaming traffic, services provided without GBR correspond to elastic
traffic. In accordance with two communication technologies point-to-point
and point-to-multipoint streaming traffic is divided into two subtypes – unicast
and multicast traffic. Unlike unicast traffic, multicast traffic has a network
resources saving nature, which is achieved through employing multicast
technology. So, overall LTE traffic may be divided into three types: unicast
streaming, multicast streaming, and elastic traffics.
Each of service classes is associated with a key attribute called the
allocation and retention priority (ARP). The value of ARP is used by the RAC
as a flag for admitting or rejecting requests of users for service providing.
According to 3GPP TS 23.203, “The range of the ARP priority level is
1 to 9 with 1 as the highest level of priority. The pre-emption capability
information defines whether a service data flow can get resources that were
already assigned to another service data flow with a lower priority level. The
pre-emption vulnerability information defines whether a service data flow can
lose the resources assigned to it in order to admit a service data flow with a
higher priority level.” In accordance with this definition ARP contains three
information fields, namely, priority value, pre-emption capability and preemption vulnerability. The priority value is used for differentiation purposes
and it ensures that the request for service with a higher priority level will be
accepted. Note that the highest priority, which is equal to one, has signalling
traffic, followed by GBR services – priority values from two to five – and the
last non-GBR services have the lowest priority from the sixth to the ninth.
From the above 3GPP definition of “pre-emption”, it is evident that during
the lack of radio resources, assigning it to lower priority services could be
realized, at best, through the service degradation, which is also referred to
as bandwidth adaptation or partial pre-emption, or, at worst, through the
service interruption, which is also referred to as cut off process or full preemption. The 3GPP specifications do not specify RAC schemes, and operators
have to develop and select an optimal scheme accounting for the service
level agreement. Researchers have proposed various RAC schemes [2–6]
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with different approaches to pre-empting. Nevertheless, the basic principle
of service degradation and interrupting holds.
The admission control is realized on the bit rate basis [2–4] or on the cell
load basis [5, 6]. Pre-emption algorithms optimize some objective function,
i.e. maximize the number of users in a cell [2] or minimize the number of users
perceiving service degradation [3]. In turn, the service degradation could be
specific to a particular service class [4] or egalitarian to them [5]. Service
interrupting generally goes with service degradation and represents the socalled second phase of pre-empting [4, 5]. The performance analysis of RAC
schemes requires mathematical methods, primarily, mathematical teletraffic
and queuing theories [7]. These methods are widely applied for modelling and
analysing not only the last mentioned RAC problem [8, 9], but also dynamic
resource allocation [10] and ICIC [11] problems.
The remainder of this paper is organized as follows. In Section 2, we
propose a model of RAC scheme for two GBR services: video conferencing (QCI = 2, multicast multi-rate, higher priority) and video on demand
(QCI = 4, unicast, lower priority). In Section 3, we derive a recursive algorithm
for calculating model QoS parameters. In Section 4, we conduct an analysis
of model QoS parameters. Finally, we conclude the paper in Section 5.

2 Markov Model of Radio Admission Control Scheme
2.1 Assumptions and Parameters
We consider a single cell with a total capacity of C bandwidth units (b.u.)
supporting two GBR services: multicast video conferencing (VC) service and
unicast video on demand (VoD) service. All necessary notations are given in
Table 1. The VoD service is provided on single GBR d b.u. Without loss of
generality, we assume d = 1 b.u. The VC service is a multi-rate service, i.e.
its bit rate can be adaptively changed from a maximum value of b1 b.u. to
a minimum value of bK b.u. according to a given set of values b1 > . . . >
bk > . . . > bK that depends on the cell load expressed in the number of
users.
Let arrival rates λ [1/time unit] (VC) and v [1/time unit] (VoD) be Poisson
distributed and let the service time be exponentially distributed with means
μ−1 [1/time unit] (VC) and κ−1 [1/time unit] (VoD). Then we denote the
corresponding offered loads as ρ = λ/μ and a = v/κ.
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Notation
C
b1 > . . . > b k > . . . > b K
λ
μ−1
ρ = λ/μ
mk = 1
mk = 0
m = (m1 , . . . , mk , . . . , mK )
b(m)
d=1
v
κ−1
a = ν/κ
n
(m, n)
c(m, n)

Table 1 Parameters
Parameter
Downlink peak bit rate, bps
VC service
Bit rates for VC service, bps
Arrival rate of requests for VC service, 1/s
VC service time, s
VC offered load
Multicast session is active – VC service is provided at
least to one user on bit rate bk
Multicast session is not active – VC service is not
provided to users on bit rate bk
State of a multicast VC session
Bit rate for VC, when the state of a multicast session is m
VoD service
Bit rate for VoD service, bps
Arrival rate of requests for VoD service, 1/s
VoD service time, s
VC offered load
Number of VoD users
State of the system
Capacity occupied, when the system is in state (m, n)

Let us introduce the following notations:
• n ∈ {0, 1, . . . , C/d} = {0, 1, . . . , C} – number of VoD users (d =
1 b.u.);
• m = (m1 , . . . , mK ) – state of a multicast session, where mk can be
equal to 1 if session is active on bit rate bk , i.e. multicast VC service is
provided at least to one user on bit rate bk , or mk can be equal to 0 if
the session is not active on bit rate bk , i.e. multicast VC service is not
provided to users on bit rate bk , k = 1, . . . , K;
• (m, n) – state of the system;
• b (m) – bit rate for VC service, when the state of a multicast session is m,

0, if m = 0,
b (m) =
bk , if m = ek , k = 1, . . . , K;
• c (m, n) = b (m) + n – capacity occupied, when the system is in state
(m, n).
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2.2 RAC Scheme
The VC priority level is higher than the VoD one. First, this fact is realized by
the adaptive change of VC bit rate. Second, the RAC is achieved in the way that
a new VC request is accepted by the so-called pre-emption owing to the lack
of free radio resources. Pre-empting refers to the release of radio resources
occupied by VoD service (Table 2, Figure 1). VoD users to be interrupted are
selected randomly.
Given the above considerations, when a new VC request arrives, two scenarios
are possible.
• The VC request will be accepted on bit rate bk and the number of VoD
users will not be changed, which is possible if the request finds the cell
having greater than or equal to bk b.u. free, k = 1, . . . , K.
Table 2 Fields of ARP for VC and VoD services
Pre-emption capable

Pre-emption vulnerable

VC (multicast)

Yes (interrupt VoD)

Yes (degraded by VoD)

VoD (unicast)

Yes (degrade VC)

Yes (interrupted by VC)

Figure 1 Multi-rate model of RAC scheme.
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• The VC request will be accepted on bit rate bK and bK − (C − n) VoD
users will be pre-empted, which is possible if the request finds the cell
having less than bK b.u. free and n VoD users.
Similarly, when a new VoD request arrives, three scenarios are possible.
• The VoD request will be accepted on bit rate d = 1 b.u. without any
effect on VC users, which is possible if the request finds the cell having
greater than or equal to d = 1 b.u. free.
• The VoD request will be accepted on bit rate d = 1 b.u. with degrading
VC service, which is possible if the request finds the cell having less than
d = 1 b.u. free and VC service is provided at least to one user on bit rate
bk b.u., k = 1, . . . , K − 1.
• Otherwise, the VoD request will be blocked without any after-effect on
the corresponding Poisson process arrival rate.
2.3 Example of Pre-emption Mechanism
We comment the main principles of model functioning – service interruption –
with the aid of the following example (Figure 2). Consider a single cell with
a total capacity of C = 5 b.u. supporting VC and VoD services. The bit rates
are b1 = 3 b.u., K = 1 and d = 1 b.u.
At time t0 VC service is provided at least to one user, VoD service is
provided to two users and the cell has no free resources. At time t1 the

Figure 2 Pre-emption – service interruption K = 1.
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providing of VC service is finished and the cell has three b.u. free. At time
t2 and t3 arrived VoD requests are accepted for service and the cell has one
b.u. free. Finally, at time t4 an arrived VC request is accepted for service due
to pre-empting of two VoD users.
We do not give an example for the service degradation mechanism due to
its simplicity.
2.4 QoS Parameters
According to the above considerations, we denote the system state space as
X = {(m, n) :m = 0, n = 0, . . . , C, m = e1 , n = 0, . . . , C − b1 ,
m = ek , n = C − bk−1 + 1, . . . , C − bk , k = 2, . . . , K},


k
where ek = 0, . . . , 0, 1, 0, . . . , 0 .
The process representing the system states is described by the state transition diagram and systems of equilibrium equations, which one can find in the
Appendix, A.1. Having found probability distribution p (m, n), (m, n) ∈ X
of the multi-rate model of the RAC scheme for VC and VoD services, one
may compute its QoS parameters, notable:
• blocking probability for VoD service

B=

p(m, n);

(1)

(m,n) ∈ X: c(m,n)=C

• pre-emption probability for VoD service

Π=
Πn · p(0, n),

(2)

(0,n) ∈ X: n > C−bK

Πn =

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩





n−1
b
−
(C
− n) − 1
K
λ

 , n = C − bK + 1, . . . , C − 1,
λ+v+nκ ·
n
bK − (C − n)

C −1
bK − 1
λ
 ,

n = C;
λ+Cκ ·
C
bK
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• mean bit rate for VC service

b=
b (m) ·
(m,n) ∈ X : m=0

p (m, n)
;
p (m̃, ñ)

(3)

(m̃,ñ) ∈ X : m̃=0

• utilization factor of the cell, i.e. mean load per bandwidth unit

UTIL · C =
c (m, n) · p (m, n) .

(4)

(m, n) ∈ X

More detailed formulas for calculating model QoS parameters are presented
in Appendix, A.2. It seems only possible to determine the system probability
distribution by means of numerical methods for solving systems of equilibrium
equations.

3 Algorithm for Calculating QoS Parameters
Because the solution of the system of equilibrium equations for the model
described above is time-consuming, we consider a simplified model – stochastic equivalent model, the transition to which is described in Appendix, A.3.
We note only that in a simplified model VC bit rates are not considered to form
the system state. The state of multicast session m is only important, which
can be equal to 1 if session is active, or can be equal to 0 if the session is not
active.
It could be proved that the process representing the system states is
not a reversible Markov process, and to determine the system probability
distribution P (m, n) we need to get a recursive algorithm.
Algorithm. Step 1.1. Determine the coefficients α00 , β00 , α10 , β10 from the
relations
α00 = 1, β00 = 0, α10 = 0, β10 = 1.
Step 1.2. Calculate the coefficients α01 , β01 , α11 , β11 by formulas
α01 =

υ+λ
,
κ

μ
β01 = − ,
κ

λ
α11 = − ,
κ

β11 =

υ+μ
.
κ

Step 1.3. Calculate the coefficients α0n , β0n , α1n , β1n , n = 2, . . . , C − bK
by formulas
α0n =

1
((α01 + (n − 1)) α0,n−1 + β01 α1,n−1 − aα0,n−2 ),
n
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1
((α01 + (n − 1)) β0,n−1 + β01 β1,n−1 − aβ0,n−2 ),
n
1
α1n = ((β11 + (n − 1)) α1,n−1 + α11 α0,n−1 − aα1,n−2 ),
n
1
β1n = ((β11 + (n − 1)) β1,n−1 + α11 β0,n−1 − aβ1,n−2 ).
n
β0n =

Step 1.4. Calculate the coefficients α0,C−bK +1 , β0,C−bK +1 by formulas
1
((α01 + (C − bK ))α0,C−bK
C − bK + 1
+ β01 α1,C−bK − aα0,C−bK −1 ),
1
((α01 + (C − bK ))β0,C−bK
=
C − bK + 1
+ β01 β1,C−bK − aβ0,C−bK −1 ).

α0,C−bK +1 =

β0,C−bK −1

Step 1.5. Calculate the coefficients α0n , β0n , n = C − bK + 2, . . . , C by
formulas
1
α0n = ((α01 + (n − 1)) α0,n−1 − aα0,n−2 ),
n
1
β0n = ((α01 + (n − 1)) β0,n−1 − aβ0,n−2 ).
n
Step 2.1. Calculate the value of variable x by solving the global balance
equations for the boundary state (0, C) (Appendix, A.3) by the formula
ν
α0,C−1 − α0,C
x = λ + Cκ ν
.
β0,C−1
β0,C −
λ + Cκ
Step 2.2. Calculate the value of unnormalized probabilities
q (m, n) = αmn + βmn · x,
n = 0,.., C − bK .

m = 0, n = 0,.., C ∨ m = 1,

Step 3.1. Calculate the normalizing factor

G=
(i, j) : i = 0, j = 0,.., C ∨
i = 1, j = 0,.., C − bK

q (i, j) .
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Step 3.2. Calculate the probability distribution
P (m, n) =

q(m, n)
, m = 0, n = 0,.., C ∨ m = 1, n = 0,.., C − bK .
G

Step 4.1. Calculate the blocking probability
B = P (0, C) + P (1, C − bK ).

(5)

Step 4.2. Calculate the pre-emption probability
C−1


Π=

n=C−bK +1

+

bK − C + n
λ
P (0, n)
λ + v + nκ
n

bK
λ
P (0, C).
λ + Cκ C

(6)

Step 4.3. Calculate the mean bit rate
b1
b=

C−b1
n=0

P (1, n) +

C−bk

K
k=2

C−bK
n=0

bk

n=C−bk−1 +1

P (1, n)
.

(7)

P (1, n)

Step 4.5. Calculate the utilization factor
UTIL · C =

C


nP (0, n) +

n=1

+

K


C−b
1

(b1 + n) P (1, n)

n=0
C−b
k

(bk + n) P (1, n) .

(8)

k=2 n=C−bk−1 +1

4 Analysing QoS Parameters of Video Conferencing
and Video on Demand
4.1 Numerical Example
According to forecasts by Cisco Systems [12], mobile applications providing
video services will generate most of global mobile data traffic by 2018, namely
about 69 percent. However, not only in the future, but also in the beginning
of 2012, mobile video represents more than half of global mobile data traffic.
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In this regard, let us consider an example of a single cell supporting VC and
VoD services to illustrate the performance measures defined above. One of
the main trends of 5G networks is the need to save resources to allocate for
high quality video services. This is possible through the implementation of an
individual functional element of the network that operates on the basis of the
multicast technology. Note that the users of LTE networks got the possibility
to consume multicast services with the inclusion of MBMS (Multimedia
Broadcast and Multicast Service) subsystem in SAE (System Architecture
Evolution).
We numerically analyse the effect of increasing the popularity of multicast
service (i.e. video conferencing) and corresponding changes in the QoS
parameters of unicast service (i.e. video on demand). Thus, the performance
analysis of the pre-emption based RAC scheme for VC and VoD services is
performed under the conditions of different VC popularity expressed in the
ratio α of VC arrival rate to the total arrival rate. To give you the numerical
example, we will consider the requirements of Skype, which are recommended
for providing VC services to a group from seven and more people [13].
Let us write out the input data of the numerical example in the Table 3. We
compute blocking probability B (2.2, 3.2, Figure 3), pre-emption probability
Π (2.3, 3.3, Figure 4), mean bit rate b (2.4, 3.4, Figure 5), and utilization factor
UTIL (2.5, 3.5, Figure 6), by changing the offered load ρ + a.
The growth of the cell load results in increasing blocking probability, preemption probability and utilization factor (Figure 3, 5, 6), but in decreasing
mean bit rate (Figure 4). The numerical example (Figure 4) shows that the
greater multicast service popularity, the greater is its mean bit rate. This
is due to the fact that the increasing popularity of multicast services is
expressed in the fact that the multicast session is active most of time, and
interruptions of unicast service users are less frequent – which is confirmed
by Figure 3. Therefore, the increasing popularity of multicast services does
not result in significant deterioration of the QoS parameters of unicast
service.
Table 3 Numerical data
VC (multicast traffic)
C = 50 Mbps,

VoD (unicast traffic)
α = 0.3, 0.5, 0.7, ρ + a = 0 ÷ 10

ρ = α · (ρ + a),
μ−1 = 1 hour,
b1 = 8 Mbps,

a = (1 − α) · (ρ + a),
κ−1 = 2 hours,

λ = ρμ,
b2 = 6 Mbps,

b3 = 4 Mbps

v = aκ, d = 2 Mbps
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Figure 3 Blocking probability for VoD service (C = 50 Mbps, b1 = 8 Mbps, b2 =
6 Mbps, b3 = 4 Mbps, d = 2 Mbps, μ−1 = 1 hour, κ−1 = 2 hours).

Figure 4 Pre-emption probability for VoD service (C = 50 Mbps, b1 = 8 Mbps, b2 =
6 Mbps, b3 = 4 Mbps, d = 2 Mbps, μ−1 = 1 hour, κ−1 = 2 hours).
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Figure 5 Mean bit rate for VC service (C = 50 Mbps, b1 = 8 Mbps, b2 = 6 Mbps,
b3 = 4 Mbps, d = 2 Mbps, μ−1 = 1 hour, κ−1 = 2 hours).

Figure 6 Utilization factor (C = 50 Mbps, b1 = 8 Mbps, b2 = 6 Mbps, b3 = 4 Mbps,
d = 2 Mbps, μ−1 = 1 hour, κ−1 = 2 hours).
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4.2 Optimization Problem for Video Conferencing Bit Rates
In this paper, we propose a model of the RAC scheme for VC and VoD
services, allowing to estimate the following QoS parameters: blocking and
pre-emption probabilities for VoD service, mean bit rate for VC service and
utilization factor of the cell. To calculate these characteristics a recursive
algorithm was proposed. The obtained results allow us to perform numerical
experiments to further development of recommendations for 5G networks.
These recommendations will provide the opportunity to make a choice of
services parameter values depending on the user QoS requirements. To achieve
this goal it is necessary to solve the optimization problem. The objective
functions of this problem are all listed above QoS parameters. As a solution to
this multi-objective problem is time-consuming, its solution is often limited
to the optimization of one of the QoS parameters in the constraints on other
parameters.
Consider an example of such optimization problem. The task is to maximize the average bit rate b of the VC service with the blocking probability
and pre-emption probabilities for VoD service not exceeding the values B ∗
and Π∗ respectively, and the bit rate for VC service being not smaller than b∗ .
The average VC bit rate depends on the initial set D = {d1 , d2 , . . . , dM } of
values and their number K. Then the problem of VC bit rate optimization can
be formulated as follows.
b (K, b1 , . . . , bK ) → max,
⎧
⎪
⎨bk ∈ D = {d1 , d2 , . . . , dM } , k = 1, . . . , K,
VC : b1 > b2 > . . . > bK ,
⎪
⎩
bK ≥ b∗ ,
VoD :

B (K, b1 , . . . , bK ) ≤ B ∗ ,
Π (K, b1 , . . . , bK ) ≤ Π∗ .

Solving the numerical optimization problem for VC and VoD services, we
can find the recommended values of bit rates for VC service depending on
different values of parameters b∗ , B ∗ and Π∗ .

5 Conclusion
In this paper, we addressed an admission control problem for a multi-service
LTE radio network, and presented a new multi-rate model for two guaranteed
bit rate services: video conferencing and video on demand. The RAC scheme
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is based on the VC quality degradation from a high to standard definition.
The scheme assumes that a VC user can pre-empt high definition VoD
users. Considering that the process representing the system states is not a
reversible Markov process, we propose the recursive algorithm to calculate
the system probability distribution, which is used to analyze the main model
QoS parameters.
The results of numerical analysis can be used to plan the standards for
5G wireless cellular networks. They can be used to develop the software
that is responsible for radio resources management, namely to develop RAC
schemes.An interestigtask for future studies is the development of a simulation
model for verification the accuracy of the results.

Appendix
A.1. State Transition Diagram and System of Equilibrium
Equations
λ · 1 {m = 0, n ≤ C − b1 } + λ ·

K


1 {m = 0, C − bk−1 < n ≤ C − bk }

k=2

+λ · 1 {m = 0, n > C − bK } + ν · 1 {m = 0, n < C}
K


+v ·
+μ ·

k=1
K


1 {m = ek , n < C − bk } + v ·

K−1


1 {m = ek , n = C − bk }

k=1

1 {m = ek } + nκ · 1 {m = 0, n > 0}

k=1
K


+nκ ·

1 {m = ek , n > 0} p (m, n)

k=1

= μp (e1 , n) · 1 {m = 0, n ≤ C − b1 }
+μ

K


p (ek , n) · 1 {m = 0, C − bk−1 < n ≤ C − bk } +

k=2

+ (n + 1) κp (0, n + 1) · 1 {m = 0, n < C}

Figure A.1 State transition diagram for multi-rate model.
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+ (n + 1) κ
+ (n + 1)κ

k

k=1
k−1


p (ek , n + 1) · 1 {m = ek , n < C − bk } +
p(ek+1 , n + 1) · {m = ek , n = C − bk }

k=1

+λ

K


p (0, n) · 1 {m = ek } +

k=1

+ λ · 1 {m = eK , n = C − bK }

bK


p (0, C − bK + i)

i=1

+ νp (0, n − 1) · 1 {m = 0, n > 0} + +νp (e1 , n − 1) · 1 {m = e1 , n > 0}
+ν
+ν

K

k=2
K


p (ek , n − 1) · 1 {m = ek , n > C − bk−1 + 1} +
p (ek−1 , n − 1) · 1 {m = ek , n = C − bk−1 + 1} , (m, n) ∈ X.

k=2

A.2. Detailed Formulas for Calculation of Model QoS Parameters
• Formula for calculation of blocking probability (2.2)
B = p (0, C) + p (eK , C − bK ) .
• Formula for calculation of pre-emption probability (2.3) for VoD service



C−1
n
n−1
Π=
bK − (C − n)
bK − (C − n) − 1
n=C−bK +1
λ
p (0, n) +
λ + v + nκ



C −1
bK − 1



C
bK



λ
p (0, C).
λ + Cκ

• Formula for calculation of mean bit rate (2.4) for VC service
b1
b=

C−b1
n=0
C−b1
n=0

p (e1 , n) +
p (e1 , n) +

K
k=2
K

bk

C−bk
n=C−bk−1 +1
C−bk

k=2 n=C−bk−1 +1

p (ek , n)

p (ek , n)

.
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• Formula for calculation of utilization factor UTIL (2.5) of the cell

UTIL · C =

C


n · p (0, n) +

C−b
1

n=1

+

K


(b1 + n) · p (e1 , n)

n=0
C−b
k

(bk + n) · p (ek , n) .

k=2 n=C−bk−1 +1

A.3. Stochastic Equivalent Model
Let us divide all the states of the system in two groups. The first group includes
all states in which a multicast session is “on”, the second group includes all
states in which a multicast session is “off”. Since the state of a multicast
session can be equal to 0 or 1, the number of VoD users allows to uniquely
determine a bit rate bk , k ∈ K : max {bk , k ∈ K : bk ≤ C − n}, and the
following conformities could be established

0, if m = 0,
m (m) =
1, if m = ek , k = 1, . . . , K;
or

⎧
⎨ 0, if m = 0, 0 ≤ n ≤ C;
e1 , if m = 1, 0 ≤ n ≤ C − b1 ;
m (m) =
⎩
ek , if m = 1, C − bk−1 < n ≤ C − bk , k = 2, . . . , K.

We simplify the model transforming it to a stochastic equivalent model
(Figure 1) with the state of the system (m, n). The system state space (2.1)
transforms to
Y = {(0, n), n : (0, n) ∈ X, (1, n) ,
n : (ek , n) ∈ X, k = 1, . . . , K}.
The system of equilibrium equations is as follows
P (0, 0) (λ + v) = P (0, 1)κ + P (1, 0)μ;
P (1, 0) (μ + v) = P (0, 0)λ + P (1, 1)κ;
P (0, n) (v + λ + nκ) = P (0, n + 1)(n + 1)κ + P (0, n − 1)v + P (1, n)μ,
n = 1, . . . , C − bK ;
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P (1, n) (v + μ + nκ) = P (1, n + 1)(n + 1)κ + P (0, n)λ + P (1, n − 1)v,
n = 1, . . . , C − bK − 1;
P (1, C − bK ) (μ + (C − bK )κ) = P (1, C − bK − 1)v + λ

C


P (0, n);

n=C−bK

P (0, n) (v + λ + nκ) = P (0, n + 1)(n + 1)κ + P (0, n − 1)v,
n = C − bK + 1, . . . , C − 1;
P (0, C) (λ + Cκ) = P (0, C − 1)v.
To derive the recursive algorithm we use the approach based on partitioning
of the system state space. The state space Y is partitioned for number n of
VoD users
Y = {(m, n) ∈ Y : n = 0} ∪ {(m, n) ∈ Y : n > 0} .
The first space includes the states through which we express the probabilities
of states of the second space.

Figure A.3 State transition diagram for stochastic equivalent model.
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List of Abbreviations
ARP
b.u.
GBR
ICIC
ICT
MBMS
MBR
non-GBR
QCI
QoS
RAC
RRM
SAE
SLA
VC
VoD

Allocation and Retention Priority
bandwidth units
Guaranteed Bit Rate
Inter-Cell Interference Coordination
Information and Communication Technology
Multimedia Multicast Broadcast Service
Maximum Bit Rate
non-Guaranteed Bit Rate
QoS Class Identifier
Quality of Service
Radio Admission Control
Radio Resource Management
System Architecture Evolution
Service Level Agreement
Video Conferencing
Video on Demand
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