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Abstract—The model of resource allocation and sharing for
conjoint servicing of real time and batched NB IoT traf c
streams over LTE cell facilities is constructed. In the model three
types of traf c ows are considered. The rst two represent
the ows of sessions coming from wireless video surveillance
cameras. Depending on the number of traf c sources the ows
are described by Poisson or Engset models. The resource of
the cell is also used by ow of sessions coming from NB-IoT
sensors. This ow follows Poisson model with batch arrivals and
possibility of waiting if available radio resource is occupied. The
number of waiting places and maximum allowed time of waiting
are restricted. All random variables used in the model have
exponential distribution with corresponding mean values. Using
the model the main performance measures of interest are given
with help of values of probabilities of model’s stationary states.
The model and derived algorithms of characteristics estimation
can be used for study the scenarios of resource sharing between
LTE and NB-IoT traf c ows.

I. INTRODUCTION

The Internet of Things (IoT) has developed tremendously
over the past few years. Billions of unattended devices (sen-
sors, video surveillance cameras, etc) are collecting an enor-
mous amount of data and send the collected data to analytical
centers [1]–[8]. The necessity of processing large volumes of
varied data (Big Data) has raised signi cant challenges for
the researchers. The main problem is to organize the effective
usage of restricted cell transmission resources for conjoint
transmission of low-cost and low-traf c produced by smart
meters and multimedia big data collected by video surveillance
systems deployed for safety reasons [2], [3].

Technically the process of servicing the combination of two
or more heterogeneous big data streams has been supported
by activities of 3GPP after validation of a dedicated in-band
deployment mode in LTE Rel. 13. This document describes the
rules how LTE technology can be used for conjoint servicing
the traf c streams produced by video surveillance cameras and
sensor traf c streams generated by NB-IoT technology.

Unfortunately 3GPP just provides the exibility that how
the radio resources can be shared between LTE and NB-IoT
technologies, but does not provide concrete solutions on how
these resources should be shared. This problem should be
solved by mathematical modeling with taking into account
the peculiarity of traf c streams forming and characteristics
of conjoint servicing the heterogeneous data streams.

The main aim of this paper is to address the above men-
tioned challenges by constructing an analytical framework for
modeling the process of resource sharing for conjoint servicing

of real time and batched NB IoT traf c streams over LTE cell
facilities. LTE-based network used by surveillance operator
to establish monitoring services by using video surveillance
cameras (LTE-devices) and NB-IoT sensors (NB-IoT-devices).
Individual data stream of one LTE or NB-IoT-device consist
of sequence of sessions [2], [3]. The proposed model is
generalized the results of [2], [3] by taking into account
the dependence of sessions coming from LTE-devices on the
number of traf c sources and the possibility of waiting for
blocked sessions of NB-IoT-devices coming by batches. The
possibility of waiting based on the property to tolerate in
some degree the delay in servicing of sessions coming from
NB-IoT-devices. Technically it can be provided by using the
relay stations. It allows to decrease the necessary amount of
resource needed to serve NB-IoT traf c with given values of
performance measures. The model and derived algorithms of
performance measures estimation are based on results of [9]–
[15] and can be used for study the scenarios of resource sharing
between LTE and NB-IoT traf c ows. Two scenarios will be
considered: Static, when resources are strictly divided among
LTE and NB-IoT traf c and Dynamic, when resources are fully
shared.

The rest of the paper is organized as follows. In Section II
the mathematical description of the model will be presented.
Here the system of state equations that relates the model’s
stationary probabilities is outlined and main performance
measures and algorithm of their estimation will be de ned.
Numerical assessment is performed in Section III. Conclusions
are drawn in the last section. The process of sessions forming
by LTE and of NB-IoT devices is shown at Fig. 1.

II. MATHEMATICAL DESCRIPTION OF THE MODEL

A. Structural components

Let us consider an LTE cell with a base station placed
in its center. The total amount of available radio resource
of LTE cell in uplink direction is measured in units of its
smallest granularity. We call one of such units as a channel
or resource unit. Let us suppose that total amount of resource
units is a linear function of the number of resource blocks
(RB). There is some number of LTE-devices, representing
video surveillance cameras, and quite a big number of NB-
IoT-devices, representing a great variety of sensors, actuators
and smart meters, located in the cell and connected to the
corresponding base station.

In the model we consider two ows of sessions repre-
senting the traf c of LTE-devices and one ow of sessions
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Fig. 1. The model of sessions forming by LTE and of NB-IoT devices

representing the traf c of NB-IoT-devices. Let us denote by v,
the total number of resource units and by c denote the transmis-
sion speed provided by one unit. As it was supposed earlier
the value of c usually equals to the minimum transmission
requirement for servicing of one session of NB-IoT-devices.
Let us suppose that the rst ow of sessions is generated by
large population of LTE-devices. Because of this assumption
the changing of their number doesn’t in uence greatly the
intensity of sessions coming. In this case we can use the
poissonian model when describing the process of sessions
coming. Let us denote for this type of ow by λ1 the intensity
of sessions arriving, α1 denotes the parameter of exponentially
distributed service time of one session, b1 denotes the number
of resource units used for servicing of one session and a 1

denotes the intensity of offered traf c expressed in potential
number of connections (erlangs). The following relation is true
a1 =

λ1

α1

.

Second ow of sessions originated from LTE-devices re-
quire a large amount of cell transmission capacity. Usually
these are sessions generated by video cameras of improved
quality. Number of such kind of LTE-devices is comparatively
small. In this case Engset model is used to describe the
sessions coming. Let us denote for this type of ow by β2, the
parameter of exponentially distributed time between successive
sessions arrival, s2 denotes the number of users, α2 denotes
the parameter of exponentially distributed service time of
one session, b2 denotes the number of resource units used
for servicing of one session and a2 denotes the intensity of
offered traf c expressed in potential number of connections.
The following relation is true a2 = s2β2

α2+β2

.

In order to simplify the model it is supposed that blocked
LTE-device sessions are lost without repeating an attempt.

Sessions for servicing the traf c of NB-IoT-devices arrive
in batches according to poissonian model with intensity λd.
With probability fj , j = 1, . . . , g, the arriving batch has j ≤
v+w sessions, where w is the number of waiting positions for
blocked NB-IoT-device sessions. The arriving batch having j
sessions is taken for servicing entirely if j ≤ v− i, where i is

the number of resource units occupied for servicing the traf c
of LTE-devices sessions. If j > v− i, then (v− i) sessions are
accepted for servicing, the rest (j+i−v) sessions are accepted
for waiting entirely if j + i − v ≤ w. If j + i − v > w then
w sessions are accepted for waiting, the rest (j + i − v − w)
sessions are lost without resuming.

The volume of the transmitted le has exponential dis-
tribution with mean value of F bits. The time of servicing
of one session from NB-IoT-devices by one resource unit
has exponential distribution with parameter μd =

F
c . The

maximum allowed waiting time for sessions occupying the
waiting position is restricted by random time having expo-
nential distribution with parameter equals to σ. Mathematical
description of the model is shown in Fig. 2.
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Fig. 2. The model of conjoint servicing of real time and batched NB IoT
traf c streams over LTE cell

B. Marcov process

Let us denote by i1(t) and i2(t) correspondingly the
number of active sessions of LTE-devices of the rst and
second ows being on servicing at time t, and by d(t)
we denote the number of active sessions of NB-IoT-devices
being on servicing at time t. The dynamic of a model states
changing is described by multidimensional Markov process
with components

r(t) = (i1(t), i2(t), d(t)),

de ned on the nite set of model’s states S. Let us denote
by (i1, i2, d) the state of r(t), and by S denote the set of all
possible states.

The vector (i1, i2, d) belongs to S when i1, i2, d varies as
follows

i1 = 0, 1, . . . ,min(s1,

⌊
v

b1

⌋
); (1)
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i2 = 0, 1, . . . ,

⌊
v − i1b1

b2

⌋
);

d = 0, 1, . . . , v + w − i1b1 − i2b2.

Let us denote by p(i1, i2, d) the value of stationary proba-
bility of state (i1, i2, d) ∈ S. It can be interpreted as portion of
time the model stays in the state (i1, i2, d). This interpretation
gives the possibility to use the values of p(i1, i2, d) for
estimation of model’s main performance measures.

C. System of state equations
System of state equations is obtained after equating the

intensity of transition r(t) out of the arbitrary model’s state
(i1, i2, d) to the intensity of transition r(t) into the state
(i1, i2, d). Let us denote for the state (i1, i2, d) ∈ S by i the
total number of resource units occupied for transmission of
traf c originated by LTE-devices i = i1b1 + i2b2. By using
the indicator function we represent all equations of the system
of state equations in one relation [9],[10]. It will be shown
latter that this is very convenient for realizing the iterative
algorithms of solving the corresponding system.
The system of state equations can be written as follows

P (i1, i2, d)
{(

λ1I(i + b1 ≤ v) + i1α1I(i1 > 0)
)
+ (2)

+
(
(s2 − i2)β2I(i+ b2 ≤ v) + i2α2I(i2 > 0)

)
+

+λd

(
I(i+ d+ 1 ≤ v) + I(i+ d+ 1 > v, i + d− v < w)

)
+

+αd

(
dI(d > 0, i+ d ≤ v) + (v − i)I(d > 0, i+ d > v)

)
+

+(i+ d− v)σI(i + d− v > 0)
}
=

= P (i1 − 1, i2, d)λ1I(i1 > 0, i+ d ≤ v)+

+P (i1, i2 − 1, d)(s2 − i2 + 1)β2I(i2 > 0, i+ d ≤ v)+

+

d∑
�=1

P (i1, i2, d− �)λd×

×
⎛
⎝f� + I

(
i+ d = v + w

) g∑
j=�+1

fj

⎞
⎠+

+P (i1 + 1, i2, d)(i1 + 1)α1

(
I(i+ d+ b1 ≤ v)+

+I(i+ d+ b1 > v, i+ b1 ≤ v)
)
+

+P (i1, i2 + 1, d)(i2 + 1)α2×
×
(
I(i + d+ b2 ≤ v, i2 + 1 ≤ s2)+

+I(i+ d+ b2 > v, i2 + 1 ≤ s2, i+ b2 ≤ v)
)
+

+P (i1, i2, d+ 1)
(
(d+ 1)αdI(i + d+ 1 ≤ v)+

+
(
(v−i)αd+(i+d+1−v)σ

)
I(i+d+1 > v, i+d+1−v ≤ w)

)
.

Values P (i1, i2, d) satisfy the normalizing condition∑
(i1,i2,d)∈S

P (i1, i2, d) = 1.

D. Performance measures

The model performance measures depend on the type
of the session considered and can be de ned by summing
probabilities p(i1, i2, d) over corresponding subsets of S. Let
us denote for the state (i1, i2, d) by i the total number of
resource units occupied by active sessions of LTE-devices
i = i1b1 + i2b2. Let us de ne for the k-th ow of sessions
of LTE-devices k = 1, 2 by πt,k the portion of time when
available number of free resource units are insuf cient for
excepting of a session of k-th ow, πc,k denotes the portion
of lost sessions of k-th ow, π�,k denotes the portion of lost
traf c of k-th ow, Λk denotes the intensity of coming sessions
of k-th ow, mk denotes the mean number of resource units
occupied by servicing the sessions of k-th ow and yk denotes
the mean number of sessions of k-th ow being on servicing.
The introduced characteristics are de ne in the following way

πt,k =
∑

{
(i1,i2,d)∈S | i+d+bk>v

} p(i1, i2, d); k = 1, 2;

πc,1 = πt,1;

πc,2 =

∑{
(i1,i2,d)∈S | i+d+b2>v

} p(i1, i2, d)(s2 − i2)β2

∑{
(i1,i2,d)∈S

} p(i1, i2, d)(s2 − i2)β2
;

Λ1 = λ1;

Λ2 =
∑

{
(i1,i2,d)∈S

} p(i1, i2, d)(s2 − i2)β2;

mk =
∑

(i1,...,in,d)∈S
p(i1, . . . , in, d)ikbk; k = 1, 2;

yk =
∑

(i1,...,in,d)∈S
p(i1, . . . , in, d)ik; k = 1, 2;

π�,1 = πt,1;

π�,2 =
a2 − y2

a2
.

Let us introduce the de nitions of performance measures
of NB-IoT-device sessions servicing. The mean number bd of
sessions in one group is de ned by relation

bd =

v+w∑
j=1

fj j.

The portion πd,1 represents the sessions lost because at the
moment of session coming the available number of free re-
source units and waiting positions is insuf cient for excepting
of a session is de ned by relation

πd,1 =
1

λdbd
×
( ∑
{
(i1,i2,d)∈S | i+d=v+w

}
d∑
�=0

p(i1, i2, d− �)×

×λd
g∑

j=�+1

fj (j − �)

)
.
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The portion πd,2 of sessions lost after the excess of
maximum allowed waiting time is de ned by relation

πd,2 =
1

λdbd

∑
{
(i1,i2,d)∈S | i+d>v

} p(i1, i2, d)(i + d− v)σ.

The portion πd of sessions lost due the all reasons consid-
ered in the model is de ned by relation

πd = πd,1 + πd,2.

The mean number ys of sessions being on service is de ned
by the following expression

ys =
∑

{
(i1,i2,d)∈S | i+d≤v,d>0

} p(i1, i2, d)d+

+
∑

{
(i1,i2,d)∈S | i+d>v

} p(i1, i2, d)(v − i).

The mean number yw of sessions being on waiting is
de ned by relation

yw =
∑

{
(i1,i2,d)∈S | i+d>v

} p(i1, i2, d)(i+ d− v).

The mean number yd of sessions being in the system on
servicing or waiting is de ned by formula

yd = ys + yw.

The mean time Td of session being in the system on
servicing or waiting is de ned by relation

Td =
yd

λdbd(1 − πd,1)
.

The introduced performance measures are related by con-
servation laws given below

λ1 = λ1πt,1 + y1α1; (3)

Λ2 = Λ2πc,2 + y2α2;

λdbd = λdπd,1bd + ysαd + ywσ.

They can be proved by algebraic transforms of the system of
state equations (2) or by using the Little formula. To calculate
the performance measures according formulated de nitions it
is necessary to solve the system of state equations (2).

E. Solution of the system of state equations: general case

In general case the system of state equations (2) doesn’t
have any special features that simplify the solution. Because
of this reason the values of p(i1, i2, d) can be found by Gauss-
Zeidel iterative algorithm [9],[10]. Let us describe main steps
of the algorithm. Let us de ne by p(j)(i1, i2, d) approximation
number j for unnormalized values of p(i1, i2, d) obtained by
Gauss-Zeidel iterative algorithm, (i1, i2, d) ∈ S. Let us denote
by L(i1, i2, d) the coef cient of p(j)(i1, i2, d) in the left part

of (2). For each state (i1, i2, d) ∈ S it de nes in the following
way

L(i1, i2, d) =
{(

λ1I(i+ b1 ≤ v) + i1α1I(i1 > 0)
)
+ (4)

+
(
(s2 − i2)β2I(i+ b2 ≤ v) + i2α2I(i2 > 0)

)
+

+λd

(
I(i + d+ 1 ≤ v) + I(i + d+ 1 > v, i+ d− v < w)

)
+

+αd

(
dI(d > 0, i+ d ≤ v) + (v − i)I(d > 0, i+ d > v)

)
+

+(i+ d− v)σI(i + d− v > 0)
}
.

In accordance with de nition of Gauss-Zeidel iterative
algorithm [9],[10] the components of approximation number
(j+1) for p(j+1)(i1, i2, d) are found from known components
of approximations number (j) and (j + 1) with following
relations

p(j+1)(i1, i2, d) =
1

L(i1, i2, d)
× (5)

×
{
P (j,j+1)(i1 − 1, i2, d)λ1I(i1 > 0, i+ d ≤ v)+

+P (j,j+1)(i1, i2 − 1, d)(s2 − i2 + 1)β2I(i2 > 0, i+ d ≤ v)+

+

d∑
�=1

P (i1, i2, d− �)λd×

×
⎛
⎝f� + I

(
i+ d = v + w

) g∑
j=�+1

fj

⎞
⎠+

+P (j,j+1)(i1 + 1, i2, d)(i1 + 1)α1

(
I(i + d+ b1 ≤ v)+

+I(i+ d+ b1 > v, i+ b1 ≤ v)
)
+

+P (j,j+1)(i1, i2 + 1, d)(i2 + 1)α2×

×
(
I(i+ d+ b2 ≤ v, i2 + 1 ≤ s2)+

+I(i+ d+ b2 > v, i2 + 1 ≤ s2, i+ b2 ≤ v)
)
+

+P (j,j+1)(i1, i2, d+ 1)
(
(d+ 1)αdI(i + d+ 1 ≤ v)+

+
(
(v−i)αd+(i+d+1−v)σ

)
I(i+d+1 > v, i+d+1−v ≤ w)

)}
.

Upper index in P (j,j+1)(i1, i2, d) means usage in
process of calculation the already found approximation
P (j+1)(i1, i2, d) and if it unknown to this moment then the
usage of known approximation P (j)(i1, i2, d). The initial ap-
proximation can be found from relations

P (0)(i1, i2, d) = 1, (i1, i2, d) ∈ S.
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At each step of iterative algorithm the convergence is
checked with help of relation∑

(i1,i2,d)∈S

(
|P (j+1)(i1, i2, d)− P (j)(i1, i2, d)|

)
∑

(i1,i2,d)∈S
P (j+1)(i1, i2, d)

≤ ε,

where ε is taken from interval 10−6 . . . 10−10.
The formulated version of algorithm in some cases (very

rarely) may lose the convergence property. In this case it is
necessary to construct the convergent version of Gauss-Zeidel
iterative algorithm. For this purpose it is suf cient to put one of
unknown probabilities P (i1, i2, d) in (2) to 1 and after to solve
obtained heterogeneous system of linear equations by ordinary
Gauss-Zeidel iterative algorithm (4), (5). It is necessary to
mention that in this case the number of iterations required
for convergence is strongly decreased compare to (4), (5).

F. Solution of the system of state equations: particular cases

1) Absence of NB-IoT traf c: In the initial model this
situation corresponds to the case when λd = 0. Let us denote
by p(i1, i2) the stationary probability of the state (i1, i2).
Product form solution is valid for p(i1, i2). It means that the
following relation is true

p(i1, i2) =
1

N
× ai1

1

i1!

i2−1∏
j=0

(s2 − j)γi2
2

i2!
, (6)

where a1 = λ1

α1

is offered load of the rst ow, γ2 = β2

γ2
is the

mean number of sessions of second ow coming during the
mean time of serving of one session of the second ow and
N is the normalizing constant

N =
∑

(i1,i2)∈S

ai1
1

i1!

i2−1∏
j=0

(s2 − j)γi2
2

i2!
.

The product form (6) can be used for estimation of perfor-
mance measures for small values of v. In general case the
recursive algorithm is used.

The recursive algorithm of estimation the performance
measures can be described as follows. Let us introduce the
auxiliary variables p(i) and y2(i)

p(i) =
∑

{
(i1,i2)∈S | i1b1+i2b2=i

} p(i1, i2),
yk(i) =

∑
{
(i1,i2)∈S | i1b1+i2b2=i

} p(i1, i2)ik, k = 1, 2.

By de nition

πt,k =

v∑
i=v−bk+1

p(i); k = 1, 2; (7)

πc,2 =

v∑
i=v−b2+1

(
p(i) s2 − y2(i)

)
v∑
i=0

(
p(i) s2 − y2(i)

) .

The recursion for estimation of performance measures is
as follows

• Let P (0) = 1. By de nition Y1(0) = Y2(0) = 0.

• Express values Y2(i), and P (i) through P (0), using
relations

Y1(i) = P (i− b1) a1;

Y2(i) = P (i− b2) s2 γ2 − Y2(i − b2) γ2;

P (i) =
1

i
(b1 Y1(i) + b2Y2(i))

for i from 1 to v.

• Find normalizing constant

N =

v∑
i=0

P (i).

• Find normalized values p(i), yk(i)

p(i) =
P (i)

N
, yk(i) =

Yk(i)

N
, k = 1, 2.

• Find values πt,k and πc,2, using (7) and values of other
characteristics using their de nitions and (3).

2) Absence of LTE traf c: In the initial model this situation
corresponds to the case when λ1 = λ2 = 0. Let us denote by
p(d) the stationary probability of the state (d). The system of
state equations will look like, as given below

P (0)λd = P (1)αd,

P (1)(λd + αd) = P (0)λdf1 + P (2)2αd,

..................................................................

P (v)(λd + vαd) = P (0)λdfv + P (1)λdfv−1+

+ . . .+ P (v − 1)λdf1 ++P (v + 1)(vαd + σ),

..................................................................

P (v + w − 1)(λd + vαd + (w − 1)σ) =
= P (0)λdfv+w−1 + P (1)λdfv+w−2 + . . .+

+P (v + w − 2)λdf1 + P (v + w)(vαd + wσ),

P (v + w)(vαd + wσ) = P (0)λdfv+w+

+P (1)λd(fv+w−1 + fv+w) + . . .+

+P (v + w − 1)λd(f1 + f2 + . . .+ fv+w),

For values P (d), d = 0, 1, . . . , v + w the normalizing
condition is ful lled: P (0)+P (1)+ . . .+P (v+w) = 1. After
algebraic transformation of the system of state equations the
following recursive formula that relates P (j), j = 1, 2, . . . , v+
w can be obtained

(jαd + (j − v)σI(j > v))P (j) = (8)

= λd

(
P (0)

v+w∑
d=j

fd + P (1)
v+w∑
d=j−1

fd + . . .+

+P (j − 1)
v+w∑
d=1

fd

)
,
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The recursion for estimation of P (j), j = 1, 2, . . . , v + w
is as follows

• Let P (0) = 1.

• Express values P (j) through P (0) using relation

P (j) =
λd

jαd + (j − v)σI(j > v)
× (9)

×
(
P (0)

v+w∑
d=j

fd + P (1)

v+w∑
d=j−1

fd + . . .+

+P (j − 1)
v+w∑
d=1

fd

)
.

• Find normalizing constant

N =

v+w∑
j=0

P (j).

• Find normalized values p(j)

p(j) =
P (j)

N
, j = 0, 1, . . . , v + w.

• Find performance measures using the relations

πd,1 =
1

λdbd

v+w∑
d=0

p(v + w − d)

g∑
j=d+1

fj(j − d)λd;

πd,2 =
1

λdbd

v+w∑
d=v+1

p(d)(d − v)σ;

πd = πd,1 + πd,2;

ys =
v∑

d=1

p(d)d+
v+w∑
d=v+1

p(d)(d − w);

yw =

v+w∑
d=v+1

p(d)(d− v);

yd = ys + yw;

Td =
yd

λdbd(1− πd,1)
.

III. NUMERICAL ASSESSMENT

Elaborated mathematical model can be used for analyz-
ing the dependence of model’s performance measures on
the values of input parameters and the features of resource
allocation strategies. Another important area of application
is the estimation of the volume of resource units and the
size of buffer required for serving incoming traf c with given
values of performance indicators. Let us consider the numerical
examples that illustrate the solution of the listed problems.

The level of traf c load will be characterized by the
value of ρ the offered load of one resource unit. To de ne
ρ it necessary to nd the offered load of each traf c stream
considered in the model. Let us denote by A1 the offered load

expressed in resource units for Poisson ow of sessions for
servicing the traf c of LTE-devices

A1 =
λ1
α1

b1. (10)

Let us denote by A2 the offered load expressed in resource
units for Engset ow of sessions for servicing the traf c of
LTE-devices

A2 =
s2β2

α2 + β2

1

α2

b2 =
s2γ2
1 + γ2

b2. (11)

Let us denote by A3 the offered load expressed in resource
units for batched ow of sessions for servicing the traf c of
NB-IoT-devices

A3 = λd

g∑
j=0

fjj
F

c
= λd bd

1

αd
. (12)

The value of ρ can be de ned from relation

ρ =
A1 +A2 +A3

v
.

Let us suppose that all traf c ows considered in the model
generate the same offered load

A1 = A2 = A3 =
vρ

3
. (13)

Relation (13) and expressions (10)–(12) for Ak, k = 1, 2, 3
give formulas for estimating the intensities λ1, β2, λd of
sessions coming for each ow considered in the model from
known values of ρ.

We begin the model’s numerical assessment with Fig 3 that
presents the mean values of occupied resource units m1, m2

and ys vs. the value of ρ the offered load of one resource unit.
The values of performance measures are obtained after solving
the system of state equations (2) and using the de nitions
of characteristics through values of stationary probabilities
formulated in subsection II-D. Model xed parameters are
v = 120 resource units (r.u.), F = 200 kbit. Transmission
rate that is provided by one resource unit is taken from the
relation c = 200 kbit/c. So mean time of le transmission is
1 sek. Let us suppose that α1 = α2 = αd = 1; b1 = 5 r.u.,
b2 = 30 r.u., s2 = �A2/b2� + 10. The size of the batch has
probabilities f1 = 0,5, f19 = 0,5 and demonstrate it’s impulse
character. Other xed parameters: w = 20, σ = 0,1.

Presented results demonstrate that despite equal offered
traf c for all ows in overload conditions, when ρ > 1, NB-
IoT-device sessions obtain priority in occupying the transmis-
sion resource that doesn’t included in SLA (Service Level
Agreement). The only way to overcome mentioned dif culties
is to divide the resource and used the obtained segments for
separate servicing traf c of LTE-device sessions and NB-IoT-
device sessions.

The results of usage the suggested approach are presented
in Fig 4 and Fig 5. The model input parameters are the same as
used in Fig 2 except λ1 = 0; w = 0; A2 = A3 =

vρ
2
; f1 = 0,5,

f9 = 0,5. The values of characteristics for conjoint servicing
are obtained after solving the system (2). The values of char-
acteristics for separate servicing (they are marked by asterisk)
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Fig. 3. Mean values of occupied resource units by traf c of LTE-device
sessions and NB-IoT-device sessions vs. the offered load of one resource unit

are obtained with help of recursive algorithms presented in
subsections II-F1 and II-F2 correspondingly. The resource is
divided into two equal parts according to the equality of offered
loads. It is clearly seen that separate usage of resource helps
to diminish the negative consequences of conjoint servicing
the traf c streams of LTE-device sessions and NB-IoT-device
sessions by LTE cell resource in overload conditions.
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Fig. 4. Probability of losses of LTE-device sessions and NB-IoT-device
sessions vs. the offered load of one resource unit for conjoint and separate
(marked by asterisk) usage of resource units

Let us consider the usage of the model for estimation of the
volume of resource units required for serving incoming traf c
with given values of performance indicators. The model input
parameters are the same as used in Fig 2 except b2 = 10;
ρ = 1. The required value of v is obtained by successively
increasing of v and checking the criteria of suf ciency of the
volume of resource in the form max(πc,1, πc,2, πd) ≤ 0,05.
The intermediate results of estimation of πc,1, πc,2, πd are
presented in the Fig 6. The values of characteristics are
obtained after solving the system (2). For all values of v ≥ 169
max(πc,1, πc,2, πd) ≤ 0,05. So the answer is v ≥ 169.
Next problem is concerned with the estimation of buffer
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for conjoint and separate (marked by asterisk) usage of resource units
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Fig. 6. The intermediate results of estimation of πc,1, πc,2, πd vs volume
of resource v

size required for serving incoming traf c with given values of
performance indicators. The model input parameters are the
same as used in Fig 2 except λ1 = β2 = 0; v = 60 r.u.;
ρ = 0,9; A3 = vρ. The required value of w is obtained
by successive increasing of w and checking the criteria of
suf ciency of the buffer size in the form πd ≤ 0,05 and
Td ≤ 1,5. The intermediate results of estimation of πd are
presented in the Fig 7 and intermediate results of estimation
of Td are presented in the Fig 8. The values of characteristics
are obtained with help of recursive algorithms presented in
subsection II-F2. The minimal value of w when πd ≤ 0,05
and Td ≤ 1,5 is w = 118.

IV. CONCLUSION

In this paper we studied resource allocation and sharing
for conjoint servicing of real time and batched NB IoT traf c
streams over LTE cell transmission resources. In the model
three types of traf c ows are considered. The rst two
represent the ows of sessions coming from wireless video
surveillance cameras. Depending on the number of traf c
sources the ows are described by Poisson or Engset models.
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The transmission resource of the cell is also used by sessions
for transmission of traf c of NB-IoT sensors. The correspond-
ing ow of sessions follows Poisson model with batch arrivals
and possibility of waiting if all resource units are occupied.
The number of waiting positions and maximum allowed time
of waiting are restricted. All random variables used in the
model have exponential distribution with corresponding mean
values. Using the model the main performance measures of
interest are de ned with help of values of probabilities of
model’s stationary states.

The model and derived algorithms of performance mea-
sures estimation can be used to study the scenarios of resource
sharing between LTE and NB-IoT traf c ows. Two scenarios
were considered: Static, when all available resources are di-
vided among LTE and NB-IoT traf c and Dynamic, when all
available resources are fully shared between LTE and NB-IoT
traf c. It is shown that Static scenario can be used when it
is necessary to guarantee the desired values of performance
indicators especially when resource requirements of LTE and
NB-IoT traf c ows signi cantly differs and traf c servicing
is considered in overload conditions.

The constructed analytical framework additionally offers
the possibility to nd the volume of resource units required
for serving incoming traf c with given values of performance

indicators and to nd the size of buffer that allows to serve
NB-IoT traf c ows with acceptable value of delay instead of
increasing the restricted volume of resource units. Proposed
model can be further developed to include the possibility of
reservation, to study the dependence of performance measures
on the variance of NB-IoT sessions coming.
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