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Abstract—In this article, a two-level soft-slicing scheme
is proposed for 5G-and-beyond radio access networks
to support ultrareliable and low-latency communications
(URLLC) and enhanced mobile broadband (eMBB) services
with delay/reliability and throughput requirements, respec-
tively. At the network level, we first determine the number
of radio resources required for eMBB services and an-
alyze the delay violation probability for URLLC services.
Then, an integer nonlinear program is formulated for the
network-level resource preallocation. Since the formulated
problem is NP-complete, a low-complexity heuristic algo-
rithm is proposed to obtain near-optimal solutions. Given
the preallocated resources at each gNodeB (gNB), a gNB-
level resource scheduling scheme is designed to enable
real-time resource sharing among URLLC services con-
sidering the reliability and delay requirements. Simulation
results show that the proposed soft-slicing scheme meets
stringent quality-of-service requirements for both URLLC
and eMBB services and achieves high resource utilization
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efficiency when compared with conventional hard resource
slicing schemes.

Index Terms—Dynamic scheduling, enhanced mobile
broadband (eMBB), industrial Internet of Things (IIoT), radio
access network (RAN) slicing, ultrareliable and low-latency
communication (URLLC).

I. INTRODUCTION

THE 5G-and-beyond radio access networks (RAN) are fore-
seen to accommodate various emerging services [1], i.e.,

enhanced mobile broadband (eMBB) services and ultrareliable
and low-latency communication (URLLC) services. Particu-
larly, eMBB services require high data rates; typical applications
include multimedia, high-definition video streaming, and virtual
reality. URLLC services require user plane latency of less than
1 ms and reliability of higher than 99.999% in terms of packet
transmission [2], which is crucial to many industrial Internet
of things (IIoT) applications, such as factory automation and
remote robotic control [3]. Besides, the scheduling interval for
some IIoT URLLC services is in mini-slot level with a duration
as short as 0.125 ms [4]. For the services with diverse traffic
characteristics and quality-of-service (QoS) requirements [5],
an enhanced resource management solution is required for the
5G-and-beyond RAN to ensure distinct QoS while achieving
high resource utilization efficiency.

As one of the fundamental enablers to 5G and future networks,
network slicing can dynamically form multiple virtual networks
(slices) over a shared physical substrate, where each virtual
slice maintains a proprietary combination of resources (e.g.,
communication, computing, and caching resources) to guarantee
the QoS requirements of supported services [6], [7]. For the RAN
slicing, each virtual slice is assigned with a certain number of ra-
dio resources, i.e., resource blocks (RBs), from a virtual RB pool
shared among a group of gNodeBs (gNBs) [8], [9]. To realize
QoS isolation among different virtual RAN slices and maximize
the resource utilization at the same time, a network-wide RAN
resource slicing scheme is required, which can dynamically
adjust the number of RBs allocated to each slice according to
network conditions [10].

We aim at developing an efficient RAN slicing scheme to en-
sure the reliability and latency requirements of URLLC services,

1551-3203 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Memorial University. Downloaded on August 10,2022 at 18:08:58 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-0627-7567
https://orcid.org/0000-0002-7104-7100
https://orcid.org/0000-0001-8964-0597
https://orcid.org/0000-0002-8208-6295
https://orcid.org/0000-0003-0488-511X
https://orcid.org/0000-0002-4140-287X
mailto:w46shi@uwaterloo.ca
mailto:wzhuang@uwaterloo.ca
mailto:sshen@uwaterloo.ca
mailto:lijunling@cuhk.edu.cn
mailto:yangpeng@hust.edu.cn
mailto:qiang.ye@mnsu.edu
mailto:xu.lica@huawei.com
https://doi.org/10.1109/TII.2021.3083579


4170 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 18, NO. 6, JUNE 2022

while guaranteeing minimum average throughput of eMBB
services [11], [12]. Jointly accommodating URLLC and eMBB
services in 5G-and-beyond RAN faces technical challenges:
First, the stringent delay and reliability requirements of URLLC
services, among the dynamic RB requests varying in a mini-slot
level, are difficult to be guaranteed simultaneously. Second, the
network-level resource slicing among gNBs can achieve the
global optimum, but frequent execution of resource allocation
process in each slice leads to large signaling overhead between
gNBs and control entities (e.g., the centralized controller for
radio resource slicing among gNBs based on software-defined
networking (SDN) and network function virtualization (NFV)
techniques). Therefore, it is challenging to balance the tradeoff
between global optimality for resource slicing and fast response
to traffic variations. Third, instead of assigning a fixed number
of resources to each gNB or service, a slicing scheme that
allows dynamic interslice resource sharing, i.e., soft slicing,
is desired to increase the multiplexing gain with guaranteed
QoS [13]. Given the mini-slot-level URLLC traffic dynamics,
a soft-slicing scheme with mini-slot level inter-gNB resource
sharing is required.

In this article, we propose an SDN/NFV-enabled two-level
(i.e., network-level and gNB-level) soft RAN slicing scheme to
accommodate both URLLC and eMBB services over multiple
gNBs, and to support dynamic inter-gNB RB sharing to exploit
the resource multiplexing gain. In the network level, we aim
at minimizing the sum of RBs preallocated to both URLLC
and eMBB services while guaranteeing their QoS requirements.
Different from the “hard-slicing” schemes, which allocate fixed
RB set to each service, in this work, the RBs preallocated to
each service can be accessed by other services opportunistically.
Given the RBs preallocated to each service on each gNB, the
fine-grained RB scheduling and sharing are realized in the gNB
level. The preallocated RBs are scheduled to URLLC/eMBB
data transmission in each mini-slot/slot. Specifically, the gNB-
level scheduling scheme executed on each gNB not only sched-
ules preallocated RBs to different service requests for QoS
guarantee in real-time operations, but also enables collision-free
inter-gNB RB sharing, i.e., each service under a specific gNB is
allowed to temporarily access available RBs from other gNBs.
The main contributions of this article are threefold.

1) We propose a hierarchical soft RAN-slicing scheme, con-
sisting of network-level RB preallocation and gNB-level
RB scheduling. The network-level slicing reserves RBs
to services for both QoS isolation and efficient RB utiliza-
tion. The gNB-level RB scheduling dynamically assigns
RBs to URLLC and eMBB nodes and enables real-time
RB sharing among gNBs.

2) For the network-level RB preallocation, the number of
RBs preallocated to each service is optimized consid-
ering QoS requirements and the probabilities of shar-
ing RBs with other gNBs, which achieves both service
isolation and resource multiplexing. For the gNB-level
RB scheduling, a collision-free RB scheduling scheme
is designed to guarantee stringent QoS requirements of
URLLC services, while enabling mini-slot level inter-
gNB resource sharing.

3) The network-level RB preallocation problem is formu-
lated as an integer nonlinear program (INLP). The de-
lay violation probability constraints for URLLC services
and the throughput constraints for eMBB services are
incorporated in the formulated problem through queuing
theories and the random waypoint (RWP) mobility model,
respectively. A low-complexity heuristic algorithm is pro-
posed to address the NP completeness of the formulated
problem.

The rest of this article is organized as follows. Related works
are reviewed in Section II. The system model is described in
Section III. The network-level resource preallocation problem
is formulated in Section IV, followed by the heuristic algorithm.
The gNB-level RB scheduling scheme is discussed in Section V.
Simulations are presented in Section VI. Finally, Section VII
concludes this article.

II. RELATED WORK

RAN slicing is enabled by both NFV and SDN technologies.
By using NFV, radio access and processing functions under
gNBs are virtualized and centrally controlled by an NFV con-
troller, such that the associated radio resources under gNBs are
centrally pooled and managed [14]. The central controller is also
SDN-enabled, which provides programmability on all gNBs to
flexibly slice the pooled RAN resources among different services
for more fine-grained QoS-oriented resource orchestration [15].
Depending on the application scenarios, various existing works
formulate problems to jointly slice the communication, comput-
ing and caching resources of RANs [16], [17]. A fixed number of
resources are assigned to each slice for service isolation, which
are referred to as “hard-slicing” schemes.

Based on “hard” RAN slicing schemes, some slices can be
overloaded, while the resources of others are underutilized,
given dynamic service requests. Therefore, soft-slicing schemes
that allow the interslice resource sharing are proposed to increase
the efficiency of resource utilization [18]–[20]. For communi-
cation resource slicing, an RAN slicing algorithm is proposed
in [19] to leverage different resource abstraction types for a
higher multiplexing gain. In [20], the earliest deadline first
scheduling mechanism is introduced to ensure the QoS and
improve resource utilization in real-time operation. However,
the dynamics of RBs requests, which trigger the reslicing at the
beginning of each slicing window, are yet to be considered in
determining the allocated resources for each slice. Moreover, the
triggering of reslicing due to changes of traffic arrival statistics
cannot accommodate the small-time-scale traffic dynamics of
certain services, e.g., URLLC, caused by traffic burstiness.
Therefore, a hierarchical RAN slicing scheme that adapts to
the traffic dynamics of multiple time scales from heterogeneous
5G-and-beyond services is required [13].

There exist many studies on resource allocation for URLLC
services in IIoT scenarios, with different analytical traffic mod-
els and wireless transmission technologies [2]. Due to strict de-
lay and reliability demands and mini-slot-level traffic burstiness
of URLLC services, allocating a fixed number of communication
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TABLE I
SUMMARY OF IMPORTANT NOTATIONS

resources can lead to low resource utilization or QoS dissat-
isfaction. Therefore, URLLC services should share resources
dynamically with other services, such as eMBB, to exploit more
resource multiplexing opportunities [10]. Customized RAN slic-
ing with interslice sharing and mini-slot-level resource schedul-
ing is desired for accommodating a combination of URLLC and
eMBB services.

III. SYSTEM MODEL

In this section, we present the system model for the soft
RAN slicing problem. Table I lists the important symbols and
notations used in the following sections.

A. RAN Model

Consider a downlink transmission system of an SDN/NFV
enabled RAN, where a set of gNBs, G = {1, 2, . . . , |G|}, are
directly connected to and managed by a central controller, as
shown in Fig. 1. The set, G, is a gNB sharing group, in which
multiple gNBs are largely overlapped in their radio coverage.
For the highly overlapped gNBs in a sharing group, orthogonal
resources are allocated among them, and RBs can be reused
among different sharing groups. Time is divided into a sequence
of fixed-duration time slots with length te = 1 ms for eMBB
service scheduling. Each time slot is further partitioned into a
number of mini-slots with length tu ∈ [0.125, 1)ms for URLLC
service scheduling.

For heterogeneous URLLC services and eMBB services, we
leverage radio resource slicing to partition the physical network

Fig. 1. Illustration of the network model.

into multiple URLLC and eMBB slices. Each slice represents
a customized service. Let set Y denote all the URLLC services
with different QoS requirements, and set Z denote all eMBB
services. Each gNB g ∈ G needs to accommodate the service
requests of nodes inside its coverage areaGg , which is simplified
to a circle with radius Rg . Let (g, y) indicate URLLC service
y ∈ Y under gNB g, and (g, z) the eMBB service z ∈ Z under
gNB g. The number of URLLC nodes served by service (g, y)
is denoted by Ng,y , and the number of eMBB nodes served
by service (g, z) is denoted by Ng,z . For network-level RB
preallocation, the number of RBs allocated to service (g, y) is
denoted by Ag,y, ∀g ∈ G, y ∈ Y . The unit of Ag,y is RBs per
mini-slot, i.e., Ag,y RBs can be scheduled within one mini-slot.
The gNBs are mutually connected via Xn interfaces [21]. At
gNB-level RB scheduling, for any service (g, y), a queue, qg,y,
with length δyAg,y , and a cache with size Cg,y are maintained,
where δy in mini-slots represents the delay upper bound of
URLLC service y. The minimal average throughput requirement
for eMBB service z is denoted by �z .

B. Mobility Model

Since URLLC nodes in IIoT scenarios are in general with
low mobility [22], they are assumed to be quasi-static during
a slicing period. The widely adopted RWP model is used to
characterize each eMBB node’s movement within the coverage
of a gNB [23]. For gNB g, an eMBB node initially locates at
source point a0 ∈ Gg and then moves along a straight line from
a0 to a destination point a1 ∈ Gg with speed v1. Both a0 and a1

are independently and uniformly distributed overGg . The speed
vz ∈ [vz,min, vz,max] for service z follows certain probability
density function (PDF). The trajectory of one eMBB node inGg

is composed of multiple source–destination segments, where the
i th segment is denoted by (ai−1, ai). We further define a pausing
time, τi ∈ [0, Tz], for service z at point ai to indicate the stop
and wait time for nodes. The parameters vz,min, vz,max, and Tz
depend on the eMBB service types (e.g., autonomous vehicles,
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pedestrians, etc.) [23]. Note that the highly mobile eMBB nodes
can make the traffic load of a gNB highly dynamic, which trig-
gers frequent reslicing of RAN resources and increases signaling
overhead. We assume that the eMBB node mobility is controlled
such that the reslicing overhead would not affect the overall
network performance.

C. Communication Model

The average achievable throughput of eMBB slices can be ob-
tained based on Shannon’s capacity [11]. For URLLC services,
the limited blocklength capacity theorem should be applied
because the URLLC packet size is much smaller than that of
conventional services [24]. For service (g, z), the average data
rate achieved by one RB is

Dg,z =W log2

(
1 +

Ptdlmlr
−2
g

N0W +
∑

i∈I Ii

)
. (1)

For URLLC service (g, y), we can calculate the maximal data
rate achieved by one RB with decoding error ψy [24]

Dg,y=W

[
log2

(
1 +

Ptdlmlr
−2
g

N0W +
∑

i∈I Ii

)
−
√
VRB

Wtu
f−1
Q (ψy)

]
.

(2)

In (1) and (2), W is the bandwidth of one RB, Pt is the
transmit power of the gNB for one RB, rg is the node-to-gNB
distance, N0 is the noise power spectral density, Ii is the in-
terference level from the interfering gNB i using the same RB,
f−1
Q (·) is the inverse function of the Q-function, and VRB is

the channel dispersion of one RB, given by VRB = 1
(ln 2)2 [1−

(1 +
Ptdlmlr

−2
g

N0W+
∑

i∈I Ii
)−2], with dl andml being the large-scale and

small-scale path loss components of channel gain, respectively.
Without loss of generality, we assume that W , Pt, dl, and N0

are constants. For an RB, the interference from gNBs outside
the sharing group is denoted by

∑
i∈I Ii, where I is the set

of interfering gNBs. To ensure the reliability requirements,
the worst-case total interference among all RBs in one gNB
is used to determine Dg,y . The channel gain, ml, is modeled
as a random variable. Considering the IIoT scenario where
the networking environment is relatively stable and URLLC
nodes are quasi-static, the dynamics of multipath propagation is
limited, and no Doppler spread is considered. On the other hand,
the randomness ofml can be averaged out when calculating the
average throughput performance of eMBB nodes. For simplicity,
in this work, we assume that ml is constant for all eMBB and
URLLC nodes.

D. Data Traffic Model

1) URLLC Data Traffic: The switched Poisson process (SPP)
is leveraged to model the burstiness and autocorrelation of
URLLC packet arrivals [25], [26]. The traffic arrival rate of
service (g, y) switches between a high-rate Poisson process with
parameter λH,y and a low-rate Poisson process with parameter
λL,y (λL,y ≤ λH,y). The intervals of the high and low traffic

Fig. 2. MMPP model of service (g, y)’s aggregate data traffic.

states follow an exponential distribution with parameter μH,y

and μL,y , respectively.
Under the SPP traffic model for homogeneous URLLC nodes,

the aggregate traffic arrivals for service (g, y) follow a Markov-
modulated Poisson process (MMPP) [27], as illustrated in Fig. 2.
GivenNg,y URLLC nodes in gNB g, the MMPP has (Ng,y + 1)
states, in which state k denotes that k nodes have the high
rate, while the remaining (Ng,y − k) nodes have the low rate.
For state k ∈ {0, 1, . . . , Ng,y}, the aggregate traffic rate, λk,y,
is given by λk,y = kλH,y + (Ng,y − k)λL,y . The transition
among the (Ng,y + 1) states is a birth–death process determined
byμH,y and μL,y . The limiting probability of the MMPP in state
k is given by πk =

(
Ng,y

k

)
(

μH,y

μH,y+μL,y
)k(

μL,y

μH,y+μL,y
)(Ng,y−k).

The URLLC packet size is denoted by Lu (e.g., 256 bits) [2].
Given x packet arrivals of service (g, y) in mini-slot t, the
minimal number of RBs required to transmit the x packets is

Bg,y(x) =
Lux

Dg,y(ψy)tu
. (3)

Based on (3), we can map URLLC traffic from packets per
mini-slot into the required number of RBs in RBs per mini-slot.
For URLLC service y under any gNBs, the packet loss is
caused by active dropping due to insufficient RB provisioning
(with maximal allowed probability εy) and decoding errors
(with maximal allowed probability ψy). To meet the URLLC
reliability threshold, the following constraint should be satisfied:
1− (1− εy)(1− ψy) ≤ Φy , where Φy denotes the packet loss
upper bound (reliability requirement) of service y. When both
εy and ψy are sufficiently small, given ψy , εy should satisfy
εy ≤ Φy − ψy .

2) eMBB Data Traffic: The 3GPP superposition scheduling
framework is adopted to enable URLLC-eMBB RB sharing in
the RAN [12], [28]. At the gNB-level RB scheduling, RBs
are initially scheduled to eMBB nodes at the beginning of
each time slot. The arriving URLLC packets are allowed to
be scheduled during the ongoing data transmissions of eMBB
traffic. By further dividing te into multiple mini-slots (minimal
scheduling interval for URLLC services), the URLLC packets
can be scheduled immediately in the next mini-slot upon their
arrivals (referred to as superposition) [4]. At the end of each time
slot, the gNB can signal eMBB nodes the locations of URLLC
superpositions (if any) and retransmit the missed eMBB packets
in the next time slot. Note that all eMBB data transmissions
can be suspended to the next slot as extreme case where burst
URLLC traffic occupies all RBs in one slot. To test the per-
formance of the proposed scheme in terms of guaranteeing the
QoS of eMBB services, we assume that the aggregated eMBB
traffic within each gNB is a bulk traffic, which consumes all the
remaining RBs of URLLC services.
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IV. NETWORK-LEVEL RESOURCE PREALLOCATION

A. Average RB Requirements for eMBB Services

Given the RWP mobility model of eMBB nodes, the average
RB requirement for service (g, z) can be calculated based on the
distribution of node-to-gNB distance rg,z .

Considering the RWP model with pausing (node remains
static) state, the PDF of rg,z is calculated as

f(rg,z) = pτfτ (rg,z) + (1− pτ )fm(rg,z) (4)

where pτ is the node pausing probability, and fτ (rg,z) and
fm(rg,z) are PDFs of rg,z when the node is in pausing and mov-
ing states, respectively. By representing pausing point (rg,z, φ)
in polar coordinates, we calculate fτ (rg,z) and fm(rg,z) as

fτ (rg,z) =

∫ 2π

0

1
πR2

g

rg,zdφ =
2rg,z
R2

g

, rg,z ∈ [0, Rg] (5a)

fm(rg,z) =

∫ 2π

0

2r2
g,z(R

2
g − r2

g,z)

πR4
g

dφ, rg,z ∈ [0, Rg]. (5b)

The pausing probability pτ is defined as the percentage of
time that a node pauses during a long-running RWP process.
Considering that a node pauses for τi time period at destination
i, we have

pτ = lim
I→∞

∑I
i=1 τi∑I

i=1(τi + τm,i)
=

E(τi)

E(τi) + E(τm,i)
(6)

where τm,i represents the transition time for the node moving
from point ai−1 to destination ai. The two random variables,
τi and τm,i, are independent. For the circular coverage area Gg

with radius Rg , we have

E(τi) = Tz/2 (7a)

E(τm,i) =
128
45π

Rg
ln(vxmax/v

x
min)

vxmax − vxmin

. (7b)

By substituting (5)–(7) into (4), the PDF of rg,z can be derived
as

f(rg,z) =
90πTzrg,z(2r2

g −R2
g)

(45πTz + 256RgV )R4
g

+
4rg,z
R2

g

− r3
g,z

R4
g

(8)

where V = [ln(vz,max/vz,min)]/(vz,max − vz,min). Based on
(1), the average rate supported by one RB for service (g, z)
is

E(Dg,z) =
W

4 ln 2

[
K(2C −AK) ln(1 +

R2
g

K
)

+ R2
g(AR

2
g + 2˜C) ln(

K

R2
g

+ 1) +AKR2
g

]
(9)

where

K =
Ptdlml

N0W +
∑

i∈I Ii
(10a)

A =
180πTz

(45πTz + 256RgV )R4
g

− 4
R4

g

(10b)

C =
4
R2

g

− 90πTz
(45πTz + 256RgV )R2

g

. (10c)

Therefore, the average number of required RBs for eMBB
service (g, z) is

Eg,z = Ng,z

⌈ �z

E(Dg,z)

⌉
. (11)

B. Delay Violation Probability for URLLC Services

Within a mini-slot, the aggregate URLLC traffic load for
service (g, y) follows the MMPP. The preallocated Ag,y RBs
are used to transmit the packets. By normalizing the URLLC
traffic in the unit of RBs per mini-slot, the downlink URLLC
transmission for service (g, y) can be modeled as a multistate
MMPP/D/1 queue, qg,y , where the deterministic service time
equals 1/Ag,y mini-slots. The length of qg,y represents the
URLLC traffic queued in the buffer. SinceAg,y RBs are available
in each mini-slot, the maximal length for qg,y should be limited
to δyAg,y , where δy is the allowed maximal queuing delay of
service (g, y).

To formulate the network-level RB preallocation problem, the
probability of queue length qg,y exceeding x, Qg,y(x) should be
calculated first. For computation complexity, we consider the
following Laplace–Stieltjes transformation of the MMPP/G/1
queue’s delay:

D(s) = s(1− ρ)g[sI+R−Λ(1− L(s))]−1e (12)

where L(s) is the Laplace–Stieltjes transformation of service
time, ρ is the ratio of the mean traffic rate of MMPP to the
mean service rate, g is the steady-state vector defined in [27],
I is the identity matrix, and R and Λ are the transition rate
matrix and the arrival rate matrix of the MMPP, respectively.
For deterministic service time 1/Ag,y , we have L(s) = e

− s
Ag,y

by transformingQg,y(x) to delay survivor functionQg,y(tAg,y)
[29]; (12) is equivalent to the Laplace–Stieltjes transformation
of queue length.

Based on mathematical studies of MMPP/G/1 queue [29]
[30], Qg,y(x) equals the summation of multiple exponential
terms. The term with the largest negative exponential factor
dominates the slope of Qg,y(x). Accordingly, Qg,y(x) can be
approximated by the single exponential function [29]

Qg,y(x) = p0e
srx (13)

where sr is the largest negative root of the denominator of (12),
and p0 is the probability of a nonempty queue. By approximat-
ing L(s) with its first three Maclaurin series components, i.e.,
e
− s

Ag,y = 1− s
Ag,y

+ h2s2

2 , sr can be calculated from the largest
negative roots of

det

∣∣∣∣srd I+R−Λ(sr − s2
r

2
)

∣∣∣∣ = 0. (14)

To determine p0, we implement the asymptotic approximation
method to scale down the (N + 1)-state MMPP into a two-state
MMPP [30]. For an (N + 1)-state MMPP/D/1 queue, the states
{M + 1,M + 2, . . . , N} and {0, 1, . . . ,M} are treated as over-
load (OL) states and underload (UL) states, respectively, where
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M = �Npon/ρ	. With the two-state MMPP, we have

p0 =
(λOL − 1)

∑N
k=M+1 πk

λOLμUL + λULμOL
(15)

where μOL, λOL, μUL, and λUL are parameters of the two-state
MMPP, as given in [30].

C. Problem Formulation

The objective of the network-level RB slicing problem is
to preallocate the minimal number of RBs, denoted by Ag,y ,
for all URLLC services at all gNBs in one sharing group,
while satisfying their delay and reliability requirements. For
transmission scheduling of eMBB services after that of URLLC
services, the average number of required RBs for service (g, z)
is constrained by∑

s∈Y
(1− ρg,y)Ag,y ≥

∑
z∈Z

Eg,z (16)

where ρg,y is the mean URLLC traffic rate normalized by the
number of preallocated RBs, Ag,y.

Given the delay upper bound δy and the preallocated RBs,
Ag,y , at each mini-slot, the delay requirement of URLLC service
(g, y) is ensured by limiting the maximal queue length δyAg,y .
The transmission of overflowed URLLC packets is scheduled
by temporarily accessing available RBs from other services dif-
ferent from service (g, y), i.e., (g′, y′) ∈ {Y × G}\(g, y). Note
that any other service can be a different service y′ ∈ Y\y on the
same gNB g, the same service y on a different gNB g′ ∈ G\g, or
different service y′ ∈ Y\y on different gNB g′ ∈ G\g. To meet
the URLLC reliability requirement, the probability that the other
services have insufficient available RBs to support the exceeded
traffic load should be smaller than εy . Given Qg,y(x), let Xg,y

represent the number of RBs that service (g, y) needs to borrow
from other services in a mini-slot. LetPg′,y′(Ag′,y′ , Xg,y) denote
the probability that any other service has larger than or equal
to Xg,y available RBs to be accessed by service (g, y) at one
mini-slot. The probability can be expressed as

Pg′,y′(Ag′,y′ , X
g
e ) = [1−Qg′,ȳ(0)]

×
[∑Ng′,y′

k=0
Pk,g′,y′(Ag′,y′ −Xg,y)πk

]
(17)

where (1−Qg′,ȳ(0)) is the probability that the queue length
service y′ qg′,y′ is zero at the beginning of a mini-slot, and∑Ng′,y′

k=0 Pk,g′,y′(Ag′,y′ −Xg,y)πk is the probability that the
newly arrived traffic load of service (g′, y′) in a mini-slot is
smaller than (Ag′,y′ −Xg,y). Note that Pk,g′,y′(·) is the cumu-
lative distribution function (CDF) of Poisson distribution at the
kth state of the MMPP for service (g′, y′). The distribution of
Xg,y varies with Ag′,y′ . To study its impact, we consider two
cases, i.e., 0 < Xg,y ≤ Cg,y and Xg,y > Cg,y . Note that Cg,y

represents the size of a cache space to store overflowed data from
service (g, y), which is normalized to the number of required
RBs using (3). When Xg,y > Cg,y, the packet loss is unavoid-
able due to exceeding maximal cache size. The unavoidable

packet dropping probability γg,y = Qg,y(Cg,y + δyAg,y), i.e.,
the probability that the length of qg,y exceeds (Cg,y + δyAg,y).
For 0 < Xg,y ≤ Cg,y , the dropping probability due to insuffi-
cient available RBs from other gNBs is given by

E(Ag,y, Ag′,y′ , Cg,y) =
∏
g′,y′

[1− Pg′,y′(Ag′,y′ , Cg,y)]

× [Qg,y(δyAg,y)− γg,y] (18)

where
∏

g′,y′ [1− Pg′,y′(Ag′,y′ , Cg,y)] denotes the probability
that the number of available RBs of all other services is less
thanCg,y . By ensuring that the dropping probability is not larger
than (εy − γg,y), we formulate the optimization problem, with
the objective of minimizing the total number of preallocated RBs
for all services on all gNBs in a sharing group

min
Ag,y,∀g∈G,y∈Y

∑
y∈Y

∑
g∈G

Ag,y (19)

s.t. E(Ag,y, Ag′,y′ , Cg,y) ≤ εy (19a)

Ag′,y′ ≥ Cg,y (19b)

γg,y ≤ εy ∀g, y (19c)∑
y∈Y

(1− ρg,y)Ag,y ≥
∑
z∈Z

Eg,z ∀g. (19d)

In (19), constraint (19a) is for the reliabilities of any URLLC
services at any gNB. The minimal number of preallocated RBs
for service (g′, y′) is constrained by (19b), which indicates that
any Ag′,y′ should always be not smaller than Cg,y to ensure
sufficient available RBs. The variable ranges for (19a) and (19b)
are the same, i.e., ∀g, y, (g′, y′) ∈ {Y × G}\(g, y). Constraint
(19c) implies that the minimal number of RBs preallocated to
service (g, y) must ensure that γg,y is not larger than εy given
Cg,y . The minimal long-term average throughput for eMBB
services is satisfied by (19d).

Since the optimization variableAg,y is an integer variable, and
(19a) involves numerical calculations of matrix determinant’s
roots and eigenvalues, problem (19) is an INLP. From (19a), the
dropping probabilities for service (g, y) decrease monotonically
asAg,y increases when otherAg′,y′ remain constant. Therefore,
problem (19) can be categorized as a Knapsack problem, which
optimizes the combination of Ag,y for all URLLC services to
minimize the total cost (summation of Ag,y), while ensuring
constraints (19a)–(19d) [19]. Therefore, (19) is at least NP-
complete.

D. Network-Level RB Preallocation Algorithm

To solve the NP-complete problem (19) in polynomial time,
a heuristic algorithm with reduced complexity is proposed. The
algorithm initially assigns overprovisioned RBs to each service
(g, y), which satisfy reliability requirements for all URLLC ser-
vices. Then, the algorithm iteratively reduces the number of RBs
assigned to each service until violating constraints (19a)–(19d).
By reducing the same number of RBs at each iteration, different
service can cause different amounts of dropping probability
increment for the RAN. Therefore, the proposed algorithm is
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designed to reduce maximal number of RBs before violating the
upper bound of dropping probability (i.e., URLLC reliability
requirement δy), which approximates the minimal number of
RBs to satisfy URLLC QoS requirements in the RAN. Details
of the algorithm are presented in Algorithm 1.

Initialization: The algorithm starts with assigning Ag,y,max

RBs to service (g, y) by letting Qg,y(δyAg,y,max) = εy and
initializes ηg,y[1], which equals the dropping probability of
service (g, y) with Ag,y,max (lines 1 and 2).

Dropping Probability Updates: Given the initialized vari-
ables, the RB preallocation algorithm proceeds its main loop iter-
atively (lines 3–23). For service (g, y), we reduce its preallocated
RBs number at the jth iteration, Ag,y[j], by one RB to obtain
Atemp

g,y [j + 1], and update the temporary dropping probabilities
of all URLLC services, i.e., ηtemp

g,y for service (g, y) and ηtemp
g′,y′

for other services (lines 4–8).
Optimal RB Preallocation Update Per Iteration: Define ξg,y

as the amount of dropping probability increase when Ag,y[j] is
reduced by one RB in an iteration; a smaller ξg,y indicates a less
increase in dropping probability, which allows more potentials
for further reduction in the number of RBs. Calculate ξg,y for all
services (g, y), ∀g ∈ G, y ∈ Y (lines 9–17). By choosing service
y∗ under gNB g∗, which achieves the minimal ξg,y , the algorithm
updatesAg∗,y∗ [j + 1] asAtemp

g∗,y∗ [j + 1] and all services’ dropping
probabilities (lines 18–22).

Iteration Stop Condition: The algorithm keeps searching the
possible solution space Ω and stops when no RBs in Ag,y[j]
can be further reduced without violating constraints (19a)–(19d)
(lines 11, 12, and 15–17).

Complexity Analysis: We compare the computational com-
plexity between our proposed algorithm and a brute-force (BF)
search algorithm, which can find the optimal solution for (19).
Assume that the size of Ω is |Ω|; the computation complexity
of BF search can be estimated as O(|G| × |Y| × |Ω||G|×|Y|),
which increases exponentially with |G| × |Y|. For the proposed
heuristic algorithm, in each iteration, the calculation of dropping
probability is executed |G| × |Y|2 times. Given the total number
of iterations K, the computation complexity of the proposed
heuristic is estimated as O(K(|G| × |Y|2)), which increases
quadratically (or linearly) as |Y| (or |G|) increases. Since K
is in the same order as |Ω|, the computation complexity of the
proposed heuristic algorithm is much lower than that of the BF
search. Simulation results also indicate that the performance gap
between the two algorithms is close (less than 5%), especially
for the two-gNB and three-gNB cases, where the gap almost
vanishes.

V. GNB-LEVEL RB SCHEDULING

Conventional RB scheduling algorithms, e.g., the enhanced
proportional fair (EPF), are not suitable for ensuring the strict
reliability and latency requirements of URLLC services [20].
Meanwhile, the interservice and inter-gNB RB sharing, which
are essential to increasing multiplexing gain, are not considered
in those algorithms. GivenAg,y number of preallocated RBs, we
design a gNB-level RB scheduling scheme for URLLC service

Algorithm 1: Network-Level RB Preallocation Algorithm.

1: Set k ← 1; Set Ag,y[1]← Ag,y,max, ∀g ∈ G, y ∈ Y;
2: Calculate

ηg,y[1] = E(Ag,y[1], Ag′,y′ [1], Cg,y), ∀g ∈ G, y ∈ Y;
3: while true do
4: for g ∈ G, y ∈ Y do
5: Set Atemp

g,y [j + 1]← Ag,y[j]− 1;
6: Set ηtemp

g,y = E(Atemp
g,y [j + 1], Ag′,y′ [j], Cg,y);

7: Set ηtemp
g′,y′ = E(Ag′,y′ [j], A

temp
g,y [j + 1], Cg′,y′);

8: end for
9: for g ∈ G, y ∈ Y do

10: Set

ξg,y ←
∑

g′
∑

y′
ηtemp

g′,y′ −ηg′,y′ [j]
εy′−ηg′,y′ [j]

+
ds
g,temp−ηg,y [j]

εy−ηg,y [j]
;

11: if ηtemp
g,y , ηtemp

g′,y′ , A
temp
g,y [j + 1] violates (19a)–(19d)

then
12: ξg,y not available, set ξg,y =∞;
13: end if
14: end for
15: if any ξg,y =∞ then
16: break;
17: end if
18: Find the service (g∗, y∗) with the minimal ξg,y;
19: Set Ag∗,y∗ [j + 1]← Ag∗,y∗ [j]− 1;
20: Set ηg∗,y∗ [j + 1]← ηtemp

g∗,y∗ ;
21: ηg∗′,y∗′ [j + 1]←

E(Ag∗′,y∗′ [j], Ag∗,y∗ [j + 1], Cg∗′,y∗′);
22: Set j ← j + 1;
23: end while

(g, y) to ensure QoS and support inter-gNB RB sharing. For
the eMBB traffic, which is scheduled using the remaining RBs
after the scheduling of all URLLC traffic, the EPF algorithm is
applied.

Let qg,y(t) denote the queue length (normalized to number
of RBs) at mini-slot t. Upon URLLC packet arrivals Xg,y(t)
for service (g, y) at mini-slot t (normalized to number of RBs),
the RB scheduling scheme includes the following three states
depending on the values of Xg,y(t), Ag,y , and qg,y(t) at the
beginning of mini-slot t.

State 1: When Xg,y(t) + qg,y(t) ≤ Ag,y , the preallocated
RBs are sufficient to support the transmission of
both newly arrived and queued URLLC packets at t.
All (Xg,y(t) + qg,y(t)) RBs are directly scheduled
to support the packet transmission in mini-slot (t+
1).

State 2: When Ag,y < Xg,y(t) + qg,y(t) ≤ δyAg,y , the
maximal RBs that can be scheduled to service (g, y)
in mini-slot t are fully occupied, but the queue length
threshold is not exceeded. In this state, the gNB
schedules Ag,y RBs for data packet transmission in
mini-slot (t+ 1) according to first-in first-out, and
the remaining data with the length of qg,y(t+ 1) =
Xg,y(t) + qg,y(t)−Ag,y stay in the queue.
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TABLE II
SIMULATION PARAMETERS AND RESULTING PERFORMANCE METRICS

State 3: When Xg,y(t) + qg,y(t) > δyAg,y, the schedul-
ing queue capacity is exceeded. The number of
overflowed data packets, denoted by (Xg,y(t) +
qg,y(t)− δyAg,y), is cached, and a broadcast mes-
sage requesting RBs from other services in the shar-
ing group is sent. By caching the overflowed data,
the remaining data in the queue are scheduled and
transmitted following the same procedure in Case
2. At mini-slot t+ δy , service (g, y) receives the
information regarding the number of available RBs
of size w from other services. Then, at mini-slot
t+ δy + 1, gNB g uses local RBs to schedule the
transmission ofAg,y amount of data and temporarily
borrows w RBs to schedule the transmission of the
remaining data with the size (Xg,y(t) + qg,y(t)−
δyAg,y). The detail resource sharing rules can vary
in real implementations. We consider a rule that
all w RBs should come from the service with the
maximum number of available RBs.

Through the inter-gNB resource sharing (supported by the
Xn wired links between gNBs [21]), the proposed gNB-level RB
scheduling scheme can achieve the collision-free RB scheduling.
Since the numbers of messages exchanged between gNBs are
limited and transmitted via wired links, the packet loss due to
inter-gNB communication can be neglected.

VI. SIMULATION RESULTS

We conduct simulations to evaluate the performance of the
proposed two-level RAN soft-slicing scheme. For the reliability
requirements of URLLC services, we assign the same value to
εy and ψy with their summation equivalent to service y’s packet
loss upper bound Φy [25], i.e., Φy = 1× 10−5 and εy = ψy =
Φy/2 = 5× 10−6. Without loss of generality, for each gNB, we
set 33 dBm transmit power,Rg = 100 m,N0 = −174 dBm/Hz,
Cg = 60 RBs, three interfering gNBs, two types of eMBB nodes
(high and low mobility), and the mean value of large-scale
and small-scale path loss components dl and ml as 1.0. The
node-to-gNB distances and node-to-interfering gNB distances

Fig. 3. CDF of RB number in different URLLC service queues.

of all nodes in one gNB are uniformly distributed between
[10, 100] and [250, 500] m, respectively. Given the 0.125-ms
URLLC scheduling interval, the bandwidth W for one RB is
180 kHz [31]. The default delay upper bound δy for all URLLC
services is set to be three mini-slots (i.e., 0.375 ms), which is
more strict than the 1-ms URLLC latency requirement. The
minimal requirement of eMBB average throughput is 40 RBs
per mini-slot.

We first evaluate the performance of the proposed soft-slicing
scheme in terms of QoS guarantee for URLLC (packet loss
ratio) and eMBB (average throughput) services in a three-gNB
scenario. Detailed parameters of each service and gNB are
shown in Table II. For each gNB, traffic are generated for the du-
ration of 5× 105 mini-slots. The aggregated average throughput
requirement for all eMBB services is 240 Mb/s per gNB. It can
be seen from Table II that the packet drop ratios of all services
in different gNBs are lower than their packet loss upper bounds,
which indicates that our two-level soft RAN slicing scheme is
able to ensure the reliability constraint for URLLC services.
The aggregated eMBB average throughput for every gNB is
higher than the threshold 240 Mb/s. Fig. 3 shows the CDFs of
different URLLC services’ traffic scheduling queue lengths. It
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Fig. 4. Average number of RBs per gNB as εy and δy vary.

Fig. 5. Average number of RBs per gNB as URLLC node number and
traffic arriving rate λL vary. (a) Impact of URLLC node number upon the
performance of the two slicing schemes. (b) Impact of traffic arriving rate
λL upon the performance of the two slicing schemes.

is noted that the ratios of packet losses in different scenarios are
all guaranteed smaller than the upper bound Φy .

The RB utilization efficiency of the proposed scheme and
that of the hard-slicing scheme are compared in Fig. 4. Given
the same QoS requirements, the proposed scheme requires
fewer RBs (higher RB utilization efficiency). Note that the
compared scheme is only “hard-sliced” among URLLC services;
the resource sharing between eMBB and URLLC services is

allowed [20], [25]. We simulate three-gNB and five-gNB sce-
narios, where each gNB runs one URLLC service with the same
parameter set the same as Service 1 in Table II. Fig. 4 shows
the RB requirements of the hard-slicing scheme and the pro-
posed soft-slicing scheme under different reliability and delay
constraints. In Fig. 4, it can be seen that the hard-slicing scheme
consistently requires more RBs than the proposed soft-slicing
scheme. The gaps become larger as εy becomes smaller, which
demonstrates the advantage of the proposed scheme in terms of
ensuring the strict reliability constraints for URLLC services.

Fig. 5 shows the impact of URLLC node number and traffic
arriving rate λL upon the performance of soft and hard slicing.
Simulation parameters for Services 1 and 3 are defined in
Table II. Fig. 5(a) shows that the average number of RBs per
gNB increases with the number of URLLC nodes, while the
proposed scheme can always reduce RB consumption as the
hard slicing for all services. In Fig. 5(b), the average number of
RBs per gNB increases with the traffic arriving rate indicator λs

L.
Moreover, the performance gap between the soft and hard slicing
decreases as λs

L increases, because a high traffic load leads to
a reduced number of available RBs for sharing. Specifically,
when λL > 8 packets/mini-slot, the number of available RBs
for eMBB services decreases significantly. Therefore, more RBs
are required to support the minimal average throughput of the
eMBB service, which causes an upward trend of Service 3’s
curve in Fig. 5(b).

VII. CONCLUSION

In this article, a two-level soft RAN slicing scheme was pro-
posed to enable dynamic radio resource sharing among different
network slices. To guarantee differentiated QoS requirements of
URLLC and eMBB services in IIoT scenarios, we formulated
a network-level RB preallocation problem by considering both
the QoS requirements and the inter-gNB resource sharing prob-
abilities in optimizing the number of preallocated RBs among
gNBs. Due to the NP completeness of the formulated prob-
lem, a low-complexity heuristic algorithm was proposed. Then,
given the preallocated resources, a collision-free gNB-level RB
scheduling scheme was designed to enable URLLC devices to
temporarily access other available gNB resources in a mini-slot
level for QoS guarantee. Simulation results demonstrated the
effectiveness of the proposed scheme in terms of differentiated
QoS provisioning for the coexistence of URLLC and eMBB
services, and the improved multiplexing gain compared with
the “hard-slicing” scheme. This study can be extended by in-
corporating machine learning methods. A learning-based soft
RAN slicing solution should be investigated to address uncertain
traffic that cannot be properly characterized by mathematical
models.
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