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Abstract

In today’s rapidly developing telecommunications technologies, mobile communication services are
widely penetrating into all segments of society. The 5th generation network (5G) will cover a broader
range of usage scenarios — enhanced mobile broadband (eMBB), ultra-reliable low-latency communica-
tions (URLLC), and massive machine-type communications (mMTC). This paper considers a model of
joint service of URLLC and eMBB traffic within a single base station. The first type of traffic is supposed
to have priority due to its high latency requirements, while the second type of traffic has a high speed.
If there are no available resources to serve URLLC traffic, the allocated resources for eMBB traffic will
decrease until they are completely withdrawn. We model the above mentioned system as a queuing
system with the bit rate degradation and service interruption.

Keywords
5G, URLLC, eMBB, radio admission control, priority, interruption, bit rate degradation, queuing system,

1. Introduction

The life of society has been rapidly developing due to mobile communications, that has become
an integral part of the everyday life of each person in society. Due to the rapid increase in
the number of users and devices connected to the network, there is the growth of the load on
communication networks. At the same time, network delays should be reduced and occur as
rarely as possible.

The paper addresses the usage scenarios in 5G networks and joint service of eMBB and
URLLC traffic. We apply methods of queuing theory and mathematical teletraffic theory. The
research tasks are the following:

1. to analyze works related to joint transmission of eMBB and URLLC traffic;
2. to build a mathematical model with adaptive change in the speed of eMBB traffic;
3. to derive the probabilistic-temporal characteristics of the model.
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The paper is organized as follows. In Section 2, the characteristics of the coexistence of
serving narrow-band URLLC and broadband eMBB traffic are explained. Section 3 presents the
system model and probabilistic-temporal attributes for it. Furthermore, Section 4 shows us the
numerical analysis and the discussion. As a result, the conclusions are in Section 5.

2. State of The Art

2.1. 5G Usage Scenarios

According to ITU-R recommendation [1], 5G systems must support ultra-low latency and high-
reliability communication systems for both users and devices. The quality of service in 5G
networks should not degrade under conditions of high system load due to many active users.
The 5G usage scenarios include:

« Enhanced Mobile Broadband (eMBB): Mobile broadband addresses the human-centric
use cases to access multi-media content, services, and data. This type of scenario come
with new application areas and requirements in addition to existing mobile broadband
applications for improved performance and an increasingly seamless user experience;

+ Ultra-reliable and low latency communications (URLLC): This use case has stringent
requirements for capabilities such as throughput, latency, and availability. Some exam-
ples include wireless control of industrial manufacturing, medical surgery, distribution
automation in a smart grid, transportation, etc.;

+ Massive machine-type communications (mMTC): This use case is characterized by a huge
number of concurrent users usually transmitting a relatively small amount of data that is
not sensitive to latency.

It should be noticed that additional use cases are expected to emerge, which are may currently
not foresee. Nevertheless, 5G network will encompass many different features. Figure 1
illustrates some examples of envisioned usage scenarios.

2.2. Joint Scheduling of URLLC and eMBB

Since both eMBB and URLLC are essential components of communication traffic in 5G networks,
various studies have looked at the coexistence of these services. In terms of network bandwidth,
eMBB generates a massive amount of data traffic. Unlike eMBB, URLLC produces fewer data
because of its stringent latency and reliability requirements. Consequently, the coexistence of
these two services is associated with achieving the sufficient eMBB throughput while meeting
the URLLC requirements. Due to the time sensitivity of critical applications such as UAV
automation, autonomous vehicle control, and critical medical equipment management, URLLC
takes precedence over eMBB for scheduling. Typically, eMBB scheduling involves increasing
the network capacity to improve the spectral efficiency, while the packet delivery reliability is
ensured through re-transmissions. However, eMBB scheduling approaches may not guarantee
the reliability and latency thresholds required for URLLC and thus cannot be applied in URLLC
scheduling. In contrast, URLLC involves the transmission of short packets with specified latency
and reliability margins.
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Figure 1: 5G usage scenarios

By the way, 3GPP has proposed a short and long transmission within the time interval
(TTI) frame allocation for these coexistence scenarios. In this frame allocation, eMBB traffic is
scheduled for a long TTI, and URLLC is automatically scheduled for a short TTI over existing
eMBB traffic by adopting a puncture or overlay scheme [2].

Exceptionally, the authors of [3] propose an efficient scheduling scheme for the coexistence
of eMBB and URLLC by dynamically applying to puncture or overlay schemes. The base station
performs eMBB scheduling at the start of a long TTI, and URLLC scheduling is performed for a
short TTI using a puncture or overlay scheme.

Regarding that paper, we consider that an incoming eMBB session arrives and takes the
whole slot while URLLC traffic takes a mini-slot. Indeed, one PRB equals one slot, and the
duration of it is 5 ms. We will describe the model with an adaptive change of eMBB traffic rate
in more detail in the next section.

2.3. Related Works

There are several approaches to URLLC and eMBB coexistence. So [4] proposes the resource
reservation for URLLC traffic. In [5], network slicing is used for both heterogeneous orthogonal
multiple access (H-OMA) and heterogeneous non-orthogonal multiple access (H-NOMA), which
was also studied in [6] and [7]. In addition to URLLC priority access , the authors of [8] and
[9] emphasize the eMBB quality of service, they use the methods of stochastic geometry and
queuing theory. A feature of paper [10] is a queuing system with random requirements.

In [11, 12], the authors consider the URLLC priority access with eMBB session interruption,
and in [13] we analyzed eMBB session delay. This paper comparing to [11, 12] also proposes a
preliminary transmission speed reduction of the eMBB session before its interruption.
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Figure 2: eMBB bit rate degradation and service interruption.

3. Queuing Model

3.1. Assumptions and Parameters

Let us consider a model where resources are allocated within one base station to service URLLC
and eMBB traffic. eMBB traffic requests are distributed by the scheduler to the resource units
of each slot. When a URLLC request is received, it can be assigned to any free resource unit
of any subsequent mini-slot due to the delay requirements. Furthermore, the structure of the
frame is presented in Figure 2.

Sessions of eMBB traffic occupy one resource block or by resource units (RU), while URLLC
sessions occupy one resource unit. There are Nresource blocks in the system, i.e. the maximum
number of eMBB sessions. Then the maximum number of URLLC sessions in the system is
C=b;-N.

Sessions of both traffic arrive according to the Poisson process, and the arrival rates are equal
to A, and A, respectively. An eMBB session occupies the maximum speed. However, if all the
resources of the system are busy when a URLLC session arrives, the rate of a eMBB session can
be reduced since the second traffic is in priority. At the same time, the maximum speed will
first decrease, and then the lower ones in descending order. If several applications are served at
the same speed, then the choice is made randomly.

Let us denote n the total number of URLLC sessions active at a certain moment of time. To
designate the number of eMBB sessions, we introduce the vector m = (my, .., mg), where K the
number of speeds at which eMBB sessions can be serviced, equal to the number of resource
units b;. Also, we will use a service rate vector b = (b, .., bg) such that by > by > ... > bg. Then
the state of the system will take the form (my, ..., mg,n) = (m,n) = X. Since the requests are
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Table 1
System parameters
Parameter Description
An | Ay Session arrival rate of eMBB / URLLC
[T T Average eMBB / URLLC session duration
b, Number of resource units
N Total number of resource block
C=bN Total number of resource units
m = (my,..,mg) Number of eMBB active sessions on K speed
n Number of URLLC active sessions

b= (b, .., b) eMBB session service speed

b ™
eMBB. 1, 5
—llrb - 2 ° .
\J
. @ > —"V_
URLLC. 4,
Y A

Figure 3: Model scheme

served according to an exponential distribution, the eMBB service rate will be y,,,, and URLLC -
Hy. All the main parameters of the system used in this work are presented in Table 1.

3.2. Admission Control and State Space

The scheme of the described model is presented in Figure 3. The system state space is:

(mg,....mgen) : n>0, m>0, k=1,...,K,
K K (1)
m < N, n+Zbkmk£C

X =

If the system is in a state (7, n), then various events are possible to occur with different
intensities. All possible situations are presented in Table 2. For the convenience of describing
transitions, we introduce the unit vector ¢, = (0, ...,0,1,0, ..., 0), where 1 is at the Kth place.

First, consider the possible situations occurring with the intensity A,,, i.e. when a new request
eMBB arrives:

« If the system has free resources, namely a free resource block, the request will be accepted
for service. In Table 2, this transition from the central state is presented as number 1.
« If there are no free resources in the system, then the session will be blocked.
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In the case when an eMBB session service ends, i.e. an event with intensity p,, which is
presented as under number 2 from Table 2 occurs, the request leaves the system, and the
resources are released.

We turn to events that occur with intensity A, i.e. upon an receipt of the URLCC application:

« If the system has at least one free resource unit, the session is accepted for service. In
Table 2 it is presented as number 3.

« If there are no free resources, but at least one eMBB session served not at the minimum
speed, then the service speed of the eMBB session decreases, and the URLLC session is
accepted for service. In Table 2 it is displayed as number 4.

« If there are no free resources, but at least one eMBB session served at the minimum
speed, then an eMBB session service is interrupted, and the URLLC session is accepted
for service. In Table 2 this is confirmed as number 5.

« If there are no free resources and no eMBB sessions in the system, the session will be
blocked.

When a URLLC session leaves the system, events occur with an intensity p,:

« If there are no eMBB sessions in the system or they are served at the maximum speed,
then the URLLC session leaves the system and frees up resources. In Table 2 it is presented
as number 6.

» If the system has at least one eMBB session that is not served at full speed, then after
the termination of the URLLC session service, the speed of the active eMBB session is
restored. In Table 2 it is shown as number 7.

3.3. Performance Measures

Now let us talk about performance indicators of priority service of URLLC traffic. Having formed
an infinitesimal generator matrix and solving the resulting system of equilibrium equations, we
can find the stationary probability distribution p(m,n), (m,n) € 2 . Based on it, we obtain the
following probabilistic-temporal characteristics of the model:

1. Average number of eMBB sessions my and URLLC sessions 7:

m = ka-p(ml,...,mK,n), k=1,..K; (2)
X
n= Zn-p(ml,...,mK,n); (3)
X

2. Blocking probability of eMBB sessions B, and URLLC sessions B,:
K
By, = Z p(my,...,mp,n), By = Xeq : n+Zbkmk+b1>C : (4)
J?E%z k=1

B, = p(0,...0,C). (5)
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Table 2
Transitions
No. Output state Intensity  Conditions
1 (m+é,n) An Zlemk~bk+n+blgc;
2 (m — €, n) My Py 1y > 05
3 (fn+1) A, K mpbe+n+1<C
K
> omgb+n+1>C,
4 (r?t—gk+§k+l,n+ 1) Au 1 iii
Zmi =0,m.>0,k=1K-1,
e
ka~bk+n+l>C,
5 (m—éen+1) A 1=
Z m, = 0,mg > 0;
k=1
n>0,
6 (m,n—1) n-, K
Z my = 0;
k=2 ©
N n>0, m; =0,m >0,
7 (m_ek+ek—lan_l) n-py i:;l l
k=2K;
Table 3
System parameters for numerical analysis
Parameter Scenario1 Scenario 2
N 5 5
K 5 5
Am 0-100 10, 50, 100
A 5, 20, 100 0-100
! 11 11
,u,fl 3*1 3*1

4. Numerical Results

4.1. Input Data

In this section, we present the results of a numerical analysis, namely the average number of
eMBB and URLLC sessions and the blocking probability of eMBB/URLLC sessions. We will use
two scenarios, which are presented in Table 3. The idea is that firstly A,, is gradually increased
for various constant values of 1,, and vice versa. So we have that N = 5 which is the total
number of the resource blocks. We have K = 5, which is the number of speeds, so we will have

bl =5,b2 =4,b3 =3,b4= 2,b5 =1.
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Model with adaptive change of eMMB service rate Model with adaptive change of eMMB service rate
5
—— lambda URLLC = 5 for | speed —— lambda eMBB = 10 for | speed
lambda URLLC = 20 for | speed —— lambda eMBB = 50 for | speed
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Figure 4: Average number of eMBB sessions

4.2. Average Number of Sessions

Figures 4.a-4.b show graphs of changes in the average number of eMBB requests in the system,
which are served at various speeds: the first one is the highest, while the fifth one is the lowest.
With a fixed arrival rate of URLLC traffic, an increase in the number of eMBB requests in
the system is observed with an increase in their arrival rate. At a low arrival rate of URLLC
sessions, almost all eMBB applications are served at maximum speed. When there are not
enough resources to serve eMBB at maximum speed, the speed of servicing eMBB sessions
begins to decrease, so the average number of sessions served at the maximum speed decreases,
and the average number of sessions served at the remaining four speeds increases. This happens
until there are so many URLLC requests that the system does not begin to block the connection
of eMBB sessions, and those that still enter the system are served at the minimum speed.

Now consider the average number of eMBB sessions in the system for the second scenario
presented. In Figure 4.b, almost the same behavior of the graph is observed, because lines
overlap almost perfectly. The slight difference is explained by the fact that with a low intensity
of eMBB arrival, there will be fewer requests in the system. All the graphs show a strong
dependence on the increase in the intensity of incoming URLLC sessions. First, the average
number of sessions decreases at maximum speed, while at others, it increases.

The average number of URLLC sessions in the system is shown in Figures 5.a and 5.b. Based
on the presented graphs, we can conclude that this value depends only on the intensity of
URLLC. This behavior is due to the priority of the URLLC traffic.

4.3. Blocking Probability

The following is the blocking probability of eMBB sessions. Obviously, the higher the intensity
of incoming eMBB sessions, the greater the blocking probability of them. Figure 6.a clearly
shows that with a very high rate of arrival of URLLC sessions, the rate of arrival of eMBB
practically does not affect the blocking probability of eMBB sessions, which is very large and
tends to be 1, since all resources are occupied by URLLC traffic. At the same time, when the
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Figure 5: Average number of URLLC sessions.
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Figure 6: Blocking probability of eMBB sessions.

intensity of URLLC sessions is low, the blocking probability of eMBB will be small since the
system will cope with the load from the eMBB stream. The graph in Figure 6.b confirms the
assumptions made. It can also be concluded that eMBB blocking is more influenced by the
intensity of incoming URLLC sessions since the schedule behaves almost the same for the
selected constant intensities of incoming eMBB traffic.

The blocking probability of URLLC sessions is affected by the rate of only this type of traffic
since the system prioritizes it.

5. Conclusion

This paper is focused on a mathematical model for eMBB and URLLC coexistence in the form
of a queuing system with priority service for URLLC traffic — reducing and interrupting the
transmission rate of eMBB. In particular, we formulated indicators of priority access efficiency
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such as the probability of reducing the transmission rate, the probability of service interruption,
the average transmission rate of eMBB traffic. Moreover, the numerical results show that URLLC
has a significant impact on eMBB. In the future, we will consider the model that considers the
spatial location of devices generating URLLC and eMBB traffic.
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