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Abstract. One of the ways to enable smooth coexistence of ultra reli-
able low latency communication (URRLC) and enhances mobile broad-
band (eMBB) services at the air interface of perspective 5G New Radio
(NR) technology is to utilize preemptive priority service. In this paper,
we provide approximate analysis of the queuing system with random
resource requirements, two types of customers and preemptive priority
service procedure. The distinctive feature of the systems – the random
resource requirements – allows to capture the essentials of 5G NR radio
interface but inherently increases the complexity of analysis. We present
the main performance metrics of interest including session drop prob-
ability and system resource utilization as well as assess their accuracy
by comparing with computer simulations. The developed model is not
inherently limited to URLLC and eMBB coexistence and can be utilized
in performance evaluation of 5G NR systems with priority-based service
discipline at the air interface, e.g., in context of network slicing. Among
other conclusions we explicitly show that both session drop and inter-
ruption probabilities of low priority traffic heavily depend not only on
the intensity of high priority traffic but on stochastic characteristics of
the resource request distribution.

Keywords: resource queuing system, preemptive priority, blocking prob-
ability, interruption probability, URLLC traffic, network slicing.
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1 Introduction

Fifth generation (5G) cellular systems promises to bring not only extreme band-
width at the air interface but to introduce advanced functionalities related to
quality of service differentiation to mobile virtual mobile network operators
(MVNO, [8, 5]) as well as traffic coexistence at the air interface [2, 6]. As the
standardization of 5G New Radio (NR) interface is close to its completion the
research community continue to explore the way to support these advanced func-
tionalities.

In recent years, queuing systems with random resource requirements, where
customers require not only a server but also a random volume of resources, have
drawn significant attention for their ability to capture specifics of session serv-
ing process in prospective cellular systems including 5G NR technology [3, 11].
These systems are often used on conjunction with stochastic geometry models to
capture the stochastic properties induced by user locations with respect to base
stations (BS) as well as traffic service dynamics at BS. Recently, these models
have been utilized to investigate various session continuity mechanisms in 5G
NR systems including multiconnectivity [14, 15], resource reservation [3] as well
as their joint functionality [9]. However, despite many research activities in the
field, resource queuing systems with priorities have not been addressed yet.

The model presented in this paper has a large scope of applications in 5G NR
systems. Of particular interest is provisioning of ultra reliable low latency service
(URLLC) at New Radio (NR) base stations in industrial applications in context
of network slicing [13, 6]. Recall that URLLC service requires extremely small
delays and loss guarantees at the air interface. To ensure it when mixed with
conventional enhanced mobile broadband (eMBB, [4]) service at a single NR
BS, several approaches ranging from the use of intentional overlapping by using
non-orthogonal multiple access (NOMA, [8]) to explicit static bandwidth reser-
vations have been proposed in the past. In this context, explicit prioritization
may provide an alternative approach to maintain extreme service characteristics
of URLLC traffic.

Another application area of the queuing system with priorities is network slic-
ing functionality of 5G systems [6]. The concept of network slicing has been orig-
inally introduced in 3GPP in Release 14 [1] in context of vehicular-to-everything
(V2X) communications. Later, in 3GPP Releases 15 and 16 it has been extended
to include MVNOs and bundling of services with similar QoS requirements. The
use-cases are flexible and include service provisioning for third parties such as
MVNOs, content providers, etc. In the context of 5G system, a network slice in-
stance is a unification of virtual resources in end-to-end fashion wherein a set of
virtual network functions are instantiated and connected via a virtual network.
One of the ways to support network slices with different service requirements in
5G NR systems is to use priority-based service discipline.

The specified model allows to account for random resource requirements at
the air interface of both eMBB and URLLC service induced by random loca-
tions of user equipment in the coverage area of NR BS [3, 10]. Preemptive pri-
ority discipline simultaneously accounts for efficient use of resources at the NR
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BS and ensures that URLLC traffic receives absolute priority over conventional
eMBB traffic reaching the prescribed loss guarantees. Supplementing the model
with a certain deployment of NR BSs and UEs in the considered area one may
characterize the required density of NR BSs needed to maintain the prescribed
performance provided to both URLLC and eMBB traffic types.

The rest of the paper is organized as follows. The resource queuing system
model is introduced and analyzed in Section 2. Applications and numerical re-
sults are discussed in Section 3. Conclusions are drawn in the last section.

2 Model description and analysis

In this section we first introduced the queuing model by specifying their pa-
rameters and priority mechanism. Then, we proceed analyzing the system and
proposing an approximate approach to the system analysis. Metrics of interest
are finally derived.

2.1 Description of the System

We consider a multiserver queuing system with N servers and resource volume R.
In practical context N represents the number of simultaneously supported ses-
sions and can be infinite while R characterizes the amount of resources measures
in, e.g., resource blocks (RB) or Hz. Two types of customers are served in the
queuing system: first type are the preemptive priority customers and the second
type are non-priority customers. Customers arrive according to Poisson pro-
cess with intensities λ1 and λ2 correspondingly. These flows may represent, e.g.
URLLC and eMBB traffic flows or slices with different service requirements. An
arriving customer of type l requires discrete random volume of resources accord-

ing to probability distribution {pl,r}, l = 1, 2, r = 1, 2, ..., where
∞∑
r=1

pl,r = 1. The

randomness of resource request distribution allows to capture stochastic nature
of user locations in the service area of a BS. The service times are exponentially
distributed with intensities µ1 and µ2, correspondingly.

Assume that there are n1 customers of the first type totally occupying r1
resources and n2 customers of the second type occupying r2 resources. Upon
arrival of a second type customer that requires j resources, if there is free server
(n1 + n2 < N) and total volume of unoccupied resources is greater than the re-
quired volume of the customer (R− r1 − r2 ≥ j), then the customer is accepted
and the required resource volume is allocated to the customer. If arriving cus-
tomer is the priority customer, then it is still accepted if n1 < N and R−r1 ≥ j,
but the service of one or more customers of second type is interrupted. In this
case, the system chooses the most ”heavy” customer (the one that occupies the
biggest part of resources) and terminates it. If there are still not enough re-
sources, then the termination procedure continues until the resources can be
allocated to the arriving priority customer R− r1 − r∗2 ≥ j.

Since the evaluation of the number of customers to be terminated upon arrival
of a priority customer is the most complex part of the analysis, further we assume
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the following assumption. If termination of the two most ”heavy” customers
is not enough for the priority customer, then all non-prioruty customers are
terminated. The applicability of the assumption is verified in section 3.

The behavior of preemptive priority customers is equivalent to the behavior
of these customers in the same queuing system without non-priority customers.
Thus, we focus on the metrics of interest associated with non-priority customers.

2.2 System Analysis

To decrease the complexity of the stochastic process that describes the behavior
of the system, we employ the technique originally proposed in [12]. According to
it, instead of keeping track of resources allocated to all the customers, we follow
only a total amount of occupied resources for each type of customers. Then,
the behavior of the system can be described by a simplified process, X(t) =
(ξ1(t), γ1(t), ξ2(t), γ2(t)), where ξl(t) is the number of l-type customers at time
t and γl(t) is total resource volume occupied by l-type customers.

Let q(n1, r1, n2, r2) be the stationary distribution of X(t), Q(n, r) and P (n, r)
– marginal stationary distributions of first and second type customers, respec-
tively. Since preemptive priority customers are not affected by non-priority cus-
tomers, then, according to [12] we have

Q(n, r) = Q(0, 0)
ρn1
n!
p
(n)
1,r , (1)

where ρl = λl

µl
, p

(n)
1,r is the probability that n first type customers totally occupy r

resources and Q(0, 0) is calculated using the normalizing condition. Particularly,
the normalizing constant and all characteristics may be evaluated using functions
G(n, r), which are introduced in [16] together with efficient recurrent algorithm
for their calculation.

G(n, r) =

n∑
k=0

r∑
j=0

ρk

k!
pk1,j . (2)

Note that probabilities p
(n)
1,r are evaluated from distribution {p1,r} by n-fold

convolution.
To derive equations for approximation of stationary probabilities P (n, r), we

introduce additional notation. Let π(k, j) be the probability that arriving second
type customers cannot be accepted to the system conditional to k second type
customers are in the system with j resources occupied, i.e.,

π(k, j) = 1−
R−j∑
i=1

p2,i
G(N − k − 1, R− j − i)

G(N − k,R− j)
. (3)

The fraction inside the sum represent conditional probability that there are no
more than N − k − 1 priority customers with no more than R − j − i resource
occupied under condition that there is no more than N − k of them occupying
no more than R− j resources.
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Further, let γi(k, j) be the probability that one nonpriority customer occupies
i resources under condition that k of them occupy j resources, 1 ≤ i ≤ j − k +
1, 1 ≤ k ≤ j,

γi(k, j) =
p2,i · p(k−1)2,j−i

p
(k)
2,j

. (4)

Employing the order statistics approach, we derive the probability distribu-
tion of the most ”heavy” customers. Let γmax,i(k, j) be the probability that the
most ”heavy” customer occupy i resources under condition that there are totally
k nonpriority customers occupying j resources:

γmax,i(k, j) = (Γk,j(i+ 1))
k − (Γk,j(i))

k
, 1 ≤ i ≤ j − k + 1, (5)

where Γk,j(x) is the cumulative distribution function (CDF), which corresponds
with distribution {γi(k, j)}i>0.

One of the most challenging parts is to analyze how many nonpriority cus-
tomers should be interrupted upon arrival of a priority customer. So, we intro-
duce βi(k, j) - the probability that upon arrival of a priority customer, exactly
i resources should be released by second type customers under condition that
there are k of them in the system occupying totally j resources.

βi(k, j) =

R−j∑
r=0

G(N − k, r)−G(N − k, r − 1)

G(N − k,R− j)
p1,R+i−r−j , (6)

1 ≤ k ≤ N − 1, k ≤ j ≤ R, 1 ≤ i ≤ j,

β0(k, j) =

R−j−1∑
r=0

G(N − k, r)−G(N − k, r − 1)

G(N − k,R− j)

R−r−j∑
s=1

p1,s, (7)

1 ≤ k ≤ N − 1, 1 ≤ k ≤ R− 1.

These probabilities will be used to analyze the number of interrupted non-
priority customers. Further we assume that upon arrival of a priority customer,
there are four possibilities, namely i) no interruption, ii) interruption of one
nonprioirity customer, iii) interruption of two customers and iv) interruption
of all customers. Since in the considered system, the most heavy customers are
interrupted in the first place, the proposed assumption is expected to give good
approximation. So, let δs,i(k, j), s = 1, 2 be the probability that exactly s cus-
tomers are interrupted, which occupied totally i resources under condition that
there were k customers with j resources occupied. These probabilities are eval-
uated as follows:

δ1,i(k, j) = γmax,i(k, j)

i∑
l=1

βl(k, j), 1 ≤ i ≤ j − k + 1, 1 ≤ k ≤ N − 1, (8)
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δ2,i(k, j) =

i−1∑
m=1

γmax,m(k, j) · γmax,i−m(k − 1, j −m)

i∑
l=m+1

βl(k, j), (9)

2 ≤ i ≤ j − k + 2,

δall(k, j) = 1− δ0(k, j)−
j−k+1∑
i=1

δ1,i(k, j)−
j−k+2∑
i=2

δ2,i(k, j), (10)

where δ0(k, j) is the probability that no interruption occurs upon arrival of a
first type customer:

δ0(k, j) = G(N − k,R− j)−1
R−j−N+k+1∑

r=1

p1,r ·G(N − k − 1, R− j − r) (11)

Finally, let αs,i(j), s = 1, 2, be the probability that exactly s non-priority cus-
tomers occupying i resources are interrupted upon arrival of a priority customer
under condition that there are N customers of second type with j resources
occupied, i.e.,

α1,i(j) = γmax,i(N, j)

R−j+i∑
m=1

p1,m, 1 ≤ i ≤ j −N + 1 (12)

α2,i(j) =

i−1∑
l=1

γmax,l(N, j) · γmax,i−l(N − 1, j − l)
R−j+i∑

m=R−j+l+1

p1,m, (13)

2 ≤ i ≤ j −N + 2

αall(j) = 1−
j−N+1∑
i=1

α1,i(j)−
j−N+2∑
i=2

α2,i(j), 1 ≤ j ≤ R. (14)

Utilizing the the introduced probabilities, we can derive the system of equi-
librium equations as follows:

λ2(1− π(0, 0))P (0, 0) = µ2

R∑
j=1

P (1, j) + λ1

N−1∑
k=1

R∑
j=k

P (k, j)δall(k, j)+

+λ1

R∑
j=N

P (N, j)αall(j) + λ1

R∑
j=1

P1(j)δj +

R∑
j=2

P2(j)δj (15)



Performance Analysis of 5G NR Systems 7

P (k, j) [λ2(1− π(k, j)) + kµ2 + λ1(1− πb1)(1− δ0(k, j))] =

= (k + 1)µ2

R−j∑
i=1

P (k + 1, j + i) · γi(k + 1, j + i)+

+λ2

j−k+1∑
i=1

p2,iP (k − 1, j − i) · G(N − k,R− j)
G(N − k + 1, R− j + i)

+

+λ1

min(j+i−k,R−j)∑
i=1

P (k + 1, j + i)δ1,i(k + 1, j + i)+ (16)

+λ1

min(R−j,j+i−k)∑
i=2

P (k + 2, j + i)δ2,i(k + 2, j + i),

1 ≤ k ≤ N − 1, k ≤ j ≤ R,

P (N, j) [Nµ2 + λ1] = λ2

j−N+1∑
i=1

p2,iP (N − 1, j − i) · G(0, 0)

G(1, R− j + i)
. (17)

By solving the system (15) - (17) we obtain the marginal stationary probabilities
P (n, r).

2.3 Performance Metrics of Interest

Now, we proceed with performance metrics of interest. First, we analyze the
blocking probabilities upon arrival of both types of customers, namely πb1 and
πb2. For priority customers, the blocking probability is obtained in [16], while
πb2 is deduced using similar logic

πb1 = 1−G(N,R)−1
R∑
r=1

p1,rG(N − 1, R− r); (18)

πb2 =

R∑
j=0

P (N, j) +

N−1∑
k=0

R∑
j=0

P (k, j)π(k, j). (19)

Finally, we proceed with the probability πi that a non-priority customer
is interrupted. The intensity of customer interruption is obtained as λ2(1 −
πb,2) − N̄2µ2 from the equality of arrival intensity and intensity of leaving the
system. Here N̄2 is the average number of 2-type customers in the system. Then,
the interruption probability is given by the ratio of interruption and arrival
intensities, that is,

πi = 1− N̄2µ

λ2(1− πb,2)
. (20)
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3 Applications and Numerical Results

In this section, we first review the applications scope of developed model. then,
we proceed providing numerical example characterizing the performance of low
priority arrival flow in the considered system.

3.1 Applications Scope

The developed model can be utilized as a service model NR BSs with multi-
ple arrival flows having different priorities in composite performance evaluation
frameworks, e.g., [3, 17]. These frameworks are logically divided into two parts:
(i) a queuing part and (ii) queuing parametrization. The former captures the fea-
tures of radio resource allocation at NR BSs. At the input, it accepts the CDF
of the amount of requested resources, FR(x), and the temporal intensity of the
UE stage changes, α, and delivers delivers the metrics of interest depending on
these intermediate metrics as well as parameters of additional quality of service
provisioning mechanisms.

The distinctive feature of the developed queuing model is that it simulta-
neously captures the randomness of resource request distribution and priority
service. The former captures the effect of randomness on user locations in BS
service area. Thus, it is applicable to 5G NR systems, where one has to priori-
tized arrivals traffic flows, e.g., systems supporting two or more types of traffic
with different priorities or systems supporting network slicing capabilities at the
air interface.

To utilize the proposed service model in realistic environment one needs to
provide the following metrics as a function of NR BS parameters, propagation
characteristics and environment: (i) coverage of NR BS, (ii) mean resource re-
quest of sessions (or slices, depending on the application). The former can be
determined using the procedure offered in [3, 17] while the latter can be found
as discussed in [10]. Note that we also do not explicitly specify the operational
frequency of NR technology. In case of millimeter wave band one also needs to
account for blockage phenomena using the models proposed in [7].

3.2 Accuracy Assessment

We start assessing the accuracy of the developed approximation. To this aim,
we have developed a single-purpose simulation tool that models the considered
resources queuing system with two types of customers and preemptive priority
service discipline. Here, we assume that resource requirements of both priority
and non-priority customers have geometric distribution with parameter 0.5, bi-
nomial distribution with parameter 0.25 and Poisson distribution with parameter
1. Further, we assume that N = 60, R = 100, the arrival intensity of priority cus-
tomers is λ1 = 35, and service intensities are µ1 = µ2 = 1. The arrival intensity
of non-priority customers λ2 varies from 10 to 20.

Figure 1 shows the comparison results. One can note that the blocking proba-
bility of the priority customers shows almost perfect match with the simulations,
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Fig. 1. Comparison of analytical and simulation results

while other two probabilistic metrics have bigger relative error. Notably, the rel-
ative error of all probabilities decreases with the increase of the non-priority
customers intensity.

3.3 Performance Evaluation

We now proceed analyzing the response of the performance metrics ofd interest
to the system parameters. Recall, that in the considered system we are primarily
interested in service metrics related to the low priority traffic as high priority
traffic receives exclusive access to the system resources.

First, we complement the dependence illustrated in Fig. 1 with Fig. 2 show-
ing the considered performance metrics as a function of higher priority arrivals,
λ1. As one may observe, logical the increase in both, λ1 and λ2, results in worse
performance of lower priority traffic in terms of session drop (blocking) probabil-
ity upon arrival. However, the magnitude of the associated increase is different.
On the other hand, the behavior of session interruption probability is drastically
different. Particularly, when λ2 increases the interruption probability always in-
creases as well. However, the response to λ1 is different – there is a bending
point when the session interruption probability of low priority traffic starts to
increase. This is explained by the fact that under these conditions more low pri-
ority sessions are blocked upon arrivals increasing the amount of resources left
for those low priority sessions that are currently in the system.

The developed models accepts the CDF of resource requirements as a part of
the model specifications. Depending on the application rate requirements as well
as the service area of BSs, CDF may substantially differ. We thus investigate
the effect of the structure of CDF of resource requirements in Fig. 3 and Fig.



10 E. Sopin et al.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 10  12  14  16  18  20

S
es

si
on

 d
ro

p 
pr

ob
ab

ili
ty

Session arrival intensity, λ1

Blocking,
Blocking,    
Interruption,   

1b

2b


Fig. 2. Drop as a function of λ1 for binomial, geometric and Poisson distribution
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Fig. 3. πb2 as a function of λ2 for binomial, geometric and Poisson dis- tribution

4 by showing the metrics of interest as a function of geometric, Poisson and
binomial distributions with the same mean value. As one may observe, Binomial
and Poisson distributions lead to rather similar results with 3− 5% difference in
absolute values of considered metrics of interest. One the other hand, Geometric
distribution results in drastically different performance measures. Observe that
the variance of the considered Binomial, Poisson and Geometric distributions
are 0.75, 1 and 2, respectively. This implies that not only mean value of the
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resource request distribution but higher order moments affect key performance
indicators in 5G NR systems.
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Fig. 4. π as a function of λ2 for binomial, geometric and Poisson distribution

4 Conclusion

Motivated by coexistence of high-priority URLLC and low priority eMBB traffic
at 5G NR air interface, in the paper, we have analyzed the limited resources
queuing system with two types of customers and preemptive priority service
discipline. We have developed an approach for approximate analysis performance
measures for both type of customers.

The application scope of the proposed system is not limited by URLLC
and eMBB coexistence at the air interface. Basically, the model can be applied
to 5G NR systems, where prioritization is required at the air interface, e.g.,
network slicing. The developed model can be utilized in composite performance
evaluation frameworks, where the service process at BSs is separated from the
model parameterization.

The reported results of direct comparison with computer simulations indicate
that the approximation accuracy lies within 5−10%. Furthermore, although the
complexity of the proposed approach is lower compared to the direct solution of
equilibrium equations, it is still high requiring significant computational efforts.
Thus, the focus of our future work is to improve the approximation accuracy
and decrease the computational requirements of the procedure.
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