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This paper focuses on the resource allocation problem of multiplexing two different service scenarios, enhanced mobile broadband
(eMBB) and ultrareliable low latency (URLLC) in 5G New Radio, based on dynamic numerology structure, mini-time slot
scheduling, and puncturing to achieve optimal resource allocation. To obtain the optimal channel resource allocation under
URLLC user constraints, this paper establishes a relevant channel model divided into two convex optimization problems:
(a) eMBB resource allocation and (b) URLLC scheduling. We also determine the numerology values at the beginning of each
time slot with the help of deep reinforcement learning to achieve flexible resource scheduling. The proposed algorithm is verified in
simulation software, and the simulation results show that the dynamic selection of numerologies proposed in this paper can better
improve the data transmission rate of eMBB users and reduce the latency of URLLC services compared with the fixed numerology
scheme for the same URLLC packet arrival, while the reasonable resource allocation ensures the reliability of URLLC and eMBB
communication.

1. Introduction

The exponential growth in quantity and quality of mobile
services has led to a surge in demand for high data rates,
high-reliability, power effectiveness, low latency, etc. To meet
the rapidly growing demand for futuremobile Internet services
and bring new business experiences to users, 5G is divided into
the following three main application scenarios based on dif-
ferent quality of service (QoS) requirements: enhanced mobile
broadband (eMBB), ultrareliable low-latency communications
(URLLC), and massive machine type communications [1].

The required QoS will vary depending on the different
scenarios. eMBB is mainly used for services with larger data
volumes, such as 4K video, virtual reality, and augmented
reality, which require higher data transmission rates, while
meeting certain reliability requirements. The specific appli-
cation scenarios of URLLC, such as autonomous driving and
telemedicine, require low latency and high-reliability, which

means transmission latency should be short. The former is
the main service of 5G because of the large number of user
accesses and large traffic volume; the latter service has less
data volume with sporadic and burst characteristics, requir-
ing timely responses. Therefore, when the above scenarios
exist simultaneously in a system, conflicts will inevitably
arise, and it is necessary to study how to meet the different
QoS requirements at the same time, aiming to achieve opti-
mal system performance.

To solve the above problems, the easiest way is to reserve
resources to ensure that the URLLC can be transmitted at the
first time whenever it arrives to meet the low latency and
high-reliability requirements of URLLC transmission. How-
ever, it will cause a great waste of resources when there is no
URLLC transmission, so overlay multiplexing and puncture
punching are proposed later. Overlay multiplexing enables
eMBB andURLLC users to share the same spectrum resources,
improving the spectrum efficiency of the system, ensuring the
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throughput of eMBB users, and reducing the latency of URLLC
users. However, interference occurs when the two are over-
lapped andmultiplexed, which can be decoded by continuous
interference cancelation technology, but it still has an impact
on the reliability of URLLC users, so attention should be paid
to the balance of ensuring throughput and meeting the require-
ments of high-reliability of URLLC. As for puncture punching,
the base station (BS) first allocates all the free resources to the
eMBB service and then perforates the resources already allo-
cated to the eMBB service when the next time slot comes,
transmitting the arriving URLLC service so as to ensure the
delay of transmission and scheduling. The punctures will sat-
isfy the reliability and low latency of URLLC users both but
will also lead to the loss of throughput of eMBB.

Therefore, to cope with various deployment scenarios,
5G New Radio (NR) defines techniques such as numerology
architecture, mini-time slot transmission, and punctured
scheduling. Specifically, NR supports a wide range of carrier
frequencies (within the two possible ranges, FR1 and FR2)
and channel bandwidths. To achieve this flexibility, 3GPP
proposes a flexible framework structure, multinumerology,
where different values of the numerology have different sub-
carrier spacing (SCS) and orthogonal frequency division mul-
tiplexing (OFDM) symbol lengths [2]. Therefore, resource
block (RB) structures are different but always include 12 sub-
carriers and 14 OFDM symbols, as shown in Figure 1. Based
on multiple numerologies, users can flexibly schedule the
resource distribution by choosing the SCS and OFDM symbol
lengths that satisfy different QoS. Therefore, different trans-
mission time intervals can be achieved with the help of mini-
time slot transmission andmultiple numerologies, while punc-
ture punching scheduling ensures orthogonality of resource
reuse and reduces interference.

3GPP introduces a new time interval in 5GNR, while inher-
iting the frame length (10ms) and subframe length (1ms) from
the original 4G LTE. Considering the high-reliability and low

delay characteristics of URLLC services, the traditional Shan-
non formula is no longer applicable to URLLC traffic, so
URLLC traffic needs to be sent in the form of finite code
length transmission.

In this paper, we consider the resource multiplexing prob-
lem of puncturing based on eMBB and URLLC services in the
FR1 band. First, we establish the basic channel model to max-
imize the system throughput, which is defined as an NP-hard
problem. Then, we decompose this problem and use DRL to
dynamically select the optimal numerology value at the begin-
ning of each time slot. Later, the simulation analysis finds that
the dynamic selection of numerology value can improve the
performance of eMBB with guaranteed URLLC delay and
reasonably allocate the system resources and power.

To solve the existing problems, this paper combines the
advantages of the abovemethods to study the optimal resource
allocation problem based on mixed numerologies, mini-time
slot transmission, and puncture punching scheduling inmulti-
plexing scenarios. In this paper, we propose to achieve low
latency communication by mixed numerologies and mini-
time slots, combined with DRL to select numerology fetching
values at the beginning of the time slot to meet the different
requirements of different application scenarios. Themain con-
tributions of this paper are shown below:

(1) Transforming the multiplexed resource allocation
problem into an optimization problem, which is
solved as a mixed integer linear problem, and the orig-
inal problem is decomposed into two convex optimi-
zation subproblems, eMBB resource allocation, and
URLLC scheduling, reducing the calculation complex-
ity and maximizing the data transmission rate of eMBB
users under the constraints of URLLC.

(2) Mixed numerologies selection method. The numerol-
ogy values are determined at the beginning of the time
slot, and a DQN-based dynamic selection numerology
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FIGURE 1: 5G NR basic structure.
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algorithm is proposed to achieve a flexible time slot
scheduling strategy, meeting the QoS requirements in
eMBB and URLLC coexistence scenarios. The optimal
time–frequency resource allocation in multiuser sce-
narios using mixed numerologies and mini-time slot
methods is investigated. The numerology selection and
resource allocation optimization methods under the
mini-time slot system are proposed, and all the neces-
sary constraints concerning packet size and delay are
analyzed in detail.

(3) Compared to traditional fixed timeslot scheduling,
flexible timeslot selection offers significant advantages
in terms of URLLC service performance. It can better
reduce interference to eMBB users and significantly
decrease latency for URLLC users.

2. Related Works

Constructing a framework for efficient resource allocation
with limited resources is the optimal solution to the resource
multiplexing problem for eMBB and URLLC in a model-
based approach, making many unknown quantities as known
conditions, solving the resource slicing problem based on
optimization ideas to maximize system performance under
the constraints of URLLC (performance targets can be data
transfer rates, throughput, etc. for eMBB). Manzoor et al. [3]
investigated the possibility of scheduling URLLC in existing
eMBB services and applied one-to-one matching game theory
to find eMBB-URLLC pairs that can be stabilized in the same
spectrum by representing the optimization problem of coex-
istence through dynamic overlay/punching, and also designed
a contract theoretical framework for overlay reuse. In [4],
eMBB transmissions are allocated on time slots. The authors
studied the joint scheduler under such systems to reduce the
delay on mini-time slots preemptively overlap/puncture
URLLC and derived the optimal joint scheduler for the linear
rate loss model and convex loss model, respectively. Alsenwi
et al. [5] proposed a risk-sensitive formulation based on intro-
ducing the conditional value at risk as a risk measurement for
eMBB propagation, expressing the reliability constraint of
URLLC as an opportunity constraint, and relaxing it based
on Markov inequalities to decompose the problem into two
convex form subproblems solved by eMBB user scheduling
and URLLC user scheduling.

Mathematical model-based methods are generally diffi-
cult to obtain more accurate optimal solutions, while with
the advancement of machine learning, many studies focus on
the application of DRL in communication to assist or even
lead in making resource allocation decisions. In order to
simplify the computational complexity and obtain the exact
optimal solution, this paper turns to deep reinforcement
learning (DRL) that does not require priori information on
dynamic changes in URLLC data traffic and channel gain
changes, etc. Li et al. [6] jointly optimized the offloading deci-
sion and computational resource allocation with the goal of
minimizing the total cost of the considered mobile edge

computing (MEC) system and proposed Q-learning-based
and DRL-based optimization frameworks to solve the
resource allocation problem in wireless MEC, respectively.
Considering the proportional fairness among multiple users,
Yin et al. [7] proposed a new URLLC downlink scheduler to
formulate the resource allocation problem in each small slot
as an integer programing problem, analyzed the performance
of two algorithms, concave-convex process and greedy algo-
rithm in practice, and gave a preference on the algorithm
selection. Yin et al. [7] decomposed the problem into two
subproblems, eMBB and URLLC, and proposed the penalized
successive upper boundminimization algorithm and the opti-
mal transmission model to solve the resource scheduling
problem for eMBB and URLLC users on time slots and
mini slots, respectively. Bairagi et al. [8] proposed to solve
the eMBB and URLLC resource allocation problems with
the help of a heuristic algorithm and the one-sided matching
game, respectively. Bairagi et al. [9] proposed a DRL-based
optimization-assisted approach for resource slicing in eMBB
and URLLC intelligent punching scheduling. Alsenwi et al.
[10] and Luong et al. [11] explored communication problems,
including but not limited to DRL, to solve dynamic network
access, data rate control, etc. It is found that solving commu-
nication resource allocation problems with DRL can arbi-
trarily and effectively reduce the average time spent and
improve the effectiveness and agility of slicing, and the latter
is further proposed to have great advantages compared to
traditional computing [12].

In addition, most of the above studies consider only the
case of fixed numerology in the slicing scheme, which means
numerologies do not change with time. In [13], an analytical
system model was developed for internumerology interfer-
ence (InterNI) analysis in OFDM systems considering mixed
numerologies, and a power allocation study was performed
using the derived analytical method to give a resolution of
the optimization problem of sum-rate maximization. Mao
et al. [14] developed metrics for quantifying the INI level
using a continuous-time approach and directly revealed the
main influencing factors of INI through the INI analytical
expressions in terms of the mean square error and error
vector magnitude. Mcwade et al. [15] proposed a two-stage
suboptimization approach to deal with the problem of
optimizing subcarriers and power allocation to maximize
the spectral efficiency of multinumerology-nonorthogonal
multiple access. Thus, we start to investigate resource allocation
between different numerologies [16–21].

The former solves the multiplexing problem with the
help of optimization ideas, mostly under the limitations of
URLLC (e.g., delay and reliability) to solve how to maximize
a certain performance of eMBB, such as maximizing eMBB
user throughput, data transmission rate, etc., and obtains the
approximate optimal solution through range expansion and
contraction; the latter is represented by DRL, which gives a
more accurate optimal solution for allocation. The eMBB-
URLLC coexistence problem of existing work mostly uses
independent optimization, which has certain limitations
and cannot capture well to deal with dynamic changes.

Wireless Communications and Mobile Computing 3



3. Preliminaries

To address the coexistence of URLLC and eMBB services on
the same radio resource, this paper integrates the techniques
of numerology, time slot-based transmission, and punctured
scheduling to study the resource multiplexing slicing prob-
lem in OFDM-based downlink eMBB and URLLC. In this
section, we introduce the basics used in this paper.

3.1. Basic Structure of 5G NR. Specifically, numerology is to
select different values of SCS, time slot duration, symbol dura-
tion, etc., by means of parameter sets. In the time domain,
each subframe can be divided into 2μ time slots, each time slot
has 14 OFDM symbols, the corresponding SCS is 15× 2μ

kHZ. In other words, as the value increases, each subframe
contains 1/2/4 time slots, with the duration of each time slot
being 1/0.5/0.25ms, respectively, during which SCS is set to
15/30/60 kHz correspondingly. When the SCS is 60 kHZ,
there is an extended CP, which is about four times the normal
CP time and is suitable for networks with long delays, which is
not considered in this paper. Meanwhile, NR can dynamically
adjust the corresponding time slot ratio in the frame structure
according to the ratio of upstream and downstream services.
Some of the 5G NR numerology structures are shown in
Table 1.

In addition, 5G NR supports mini-time slot transmis-
sion, which can include only 1 OFDM symbol according to
Release 15, but mini-time slots are generally limited to 2, 4,
and 7 OFDM symbols. Due to the high requirements of URLLC
transmission delay, it is not possible to defer URLLC traffic to
the start of the next timeslot, so with the help of mini time-
slots, it can achieve lower delay and reduce waiting time.

3.2. Machine Learning. Machine learning can be classified as
supervised learning, unsupervised learning, and reinforce-
ment learning (RL). RL is mainly used by the agent to find
the corresponding training samples by interacting with the
environment, and train the machine learning model in the
nonstop interaction and exploration with the environment.
RL algorithms can be used in scenarios such as resource allo-
cation, user connectivity, and channel selection. In this paper,
we try to solve the eMBB and URLLC user resource reuse
problem with the help of DRL and consider the dynamic
selection numerology algorithm based on DNQ.

The basic model of reinforcement is shown in Figure 2,
where the agent first observes its current state and then takes
action, the environment responds to it, and the agent is rewarded
with its new state. The observed information is used to adjust
the agent’s policy, and the process is repeated until the agent’s
policy is close to the optimal one. Also, RL can only be per-
formed based on each experience, mainly because the external

environment generates less information, so the only way to
adapt the strategy to the environment is by adjusting it
through its own experience.

The RL model focuses on the environmental state S, the
action A and the reward R. γ is the discount factor. The agent
takes action at , gets reward r, updates action atþ1, and con-
tinuously optimizes its strategy until it reaches the optimal
strategy. The value function is shown as follows:

Vπ sð Þ ¼ E R s; að Þ½ � þ γ ∑
s02S

Pss0 að ÞVπ s0ð Þ; ð1Þ

where Pss0 ðaÞ : denotes the state transfer probability from state
s to s0 under action a. The objective is to find the optimal
strategy π∗ to make the value function reach the maximum;
thus, the expected feedback Q value is defined as follows:

Qπ s; atð Þ ¼ E R s; að Þ½ � þ γ ∑
s02S

Pss0 að ÞQπ s0ð Þ: ð2Þ

Let V∗ðsÞ : and Q∗ðs; aÞ : under the optimal strategy be
V∗ðsÞ : ¼maxa Q∗ðs; aÞ : and Q∗ðs; aÞ : ¼Qπ∗ðs; aÞ :8s; a, respec-
tively, thus the update criterion of Q-value is as follows:

Qtþ1 s; að Þ ¼ 1 − αð ÞQt s; að Þ
þ α Rt s; að Þ þ γmax

a2A
Qt stþ1; atþ1ð Þ

� �
;

ð3Þ

where α denotes the learning rate, which measures the speed
of convergence of the Q-learning algorithm.

TABLE 1: 5G NR numerologies.

Numerology Cyclic prefix SCS (kHZ) Slot time (ms) Number of slots per subframe Number of OFDM symbols per slot

0 Normal 15 1 1 14
1 Normal 30 0.5 2 14
2 Normal 60 0.25 4 14

Agent

Environment

State s Action a Reward r

FIGURE 2: Basic model of reinforcement.
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The Q-learning algorithm is to directly select the optimal
Q-function, such that the updated Q-function is about the
strategy π, thus leading to problems such as overdependence
of the objective function on parameters and overcorrelation
of sample data. To address this drawback, DQN is proposed
to resolve two problems of Q-learning. DQN first freezes the
target network so that the parameters of the objective func-
tion can be fixed at a time, and thus, the target can be deter-
mined. The second is to use experience replay to remove the
correlation of sample data by the construction of an experi-
ence pool, and this experience pool is composed of the expe-
rience of the intelligence, while the samples are randomly
selected from the experience pool to replace the current
samples for training during the training process, breaking
the correlation between samples and also avoiding the local
optimum. The specific flow chart is shown in Figure 3.

4. Problem Equation Establishment

Consider two kinds of service downlink requests, eMBB and
URLLC, with several eMBB and URLLC users under a BS
(gNB), and assume that the downlink is always carrying out
eMBB data transmission so that there are Ue eMBB users and
Uu URLLC users under a gNB, and the total number of RBs
is B, an RB b2f1; 2;  …;  Bg:. The gNB selects the numerol-
ogy μ2f0; 1; 2g: by learning the comprehensive performance
of the system under different numerologies, with the purpose
of selecting the appropriate SCS for each user and updating
the data scheduling eMBB users and URLLC users at the
beginning of each time slot (t¼ 1=2μms), shown in Figure 4.

In the frequency domain, multipath fading radio commu-
nication channels are often divided intomultiple subchannels,
which are modulated using multiple carriers. The number of
RBs used for eMBB transmission in each time slot depends on
the resource scheduling of the previous time slot. When a
URLLC service arrives at the BS, it is first necessary to deter-
mine the packet size and choose different numerologies
according to the size, giving the value of numerology μ to
determine the way the URLLC user punctures the currently
transmitted eMBB resource.

The puncturing of eMBB transmission by URLLC traffic
has an impact on the data rate of eMBB users. Assuming that
the arrival of URLLC data follows a Poisson distribution, the
data rate of eMBB user k on RB b can be approximated by the
Shannon formula. As for a continuously propagating eMBB
user, the data rates that can achieve in time slot t are as follows:

rte;b ¼ Blog2 1þ δte;b

� �
d ;   ð4Þ

where B¼ S× SCS refers to the bandwidth of an RB, δte;k ¼
Se=Ne ¼ðjhej2PÞ :=Ne represents the signal-to-noise ratio SNR
of the signal, and Se; he; Pe;Ne is the signal received power,
transmit power, channel gain, and channel noise, respec-
tively. We refer to the Nakagami-m channel model [22, 23]
to provide the channel gain.

Thus, the data transmission rate of eMBB user k in the
case of multiple RB usage can be expressed as follows:

rte ¼ ∑
b2B

xte;br
t
e;b ; ð5Þ

where xte;b refers to whether the current RB b is allocated to
an eMBB user at time slot t, as shown in the following
expression:

xte;b ¼
1 RB b is allocated for eMBB user

 at time slot t 

0 otherwise:

8><>:  ; ð6Þ

where δtu represents the SNR of the time slot t 2T for
URLLC users, Du ¼ 1− 1=ð1þ δtuÞ2 indicates the channel
dispersion, and Q−1ðxÞ :d is the inverse of the Gaussian func-
tion QðxÞ : ¼ R1

x
1ffiffiffiffi
2π

p e−
t2
2 dt; xtu;b refers to whether the current

RB b is allocated to an URLLC user at time slot t, as follows:

xtu;b ¼
1 RB b is allocated for URLLC user

 at time slot t 

0 otherwise:

8><>: ð7Þ

URLLC requests cannot be postponed to the next time
slot before puncturing, and considering the reliability and
delay requirements of URLLC users, let Ltud be the size of
the URLLC packet that follows the Poisson distribution and
Φt

u to represent the size of the resources allocated to URLLC
users at time slot t. Therefore, there is an inequality as fol-
lows:

Ltu ≤Φt
u: ð8Þ

In the multiplexing scenario, eMBB users are punctured,
so the throughput loss of eMBB users can be expressed as
follows, indicating that the throughput loss occurs only when
RB b is occupied by both eMBB and URLLC users.

Replay memory 
D

Agent

Environment

Action at

P(st + 1 | st, at), r(st, at)

π (at | st)

Reward rt

State at

Transition (s)

FIGURE 3: DNQ flowchart.
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rte;loss ¼ ∑
b2B

rte;b xte;b − xtu;b

��� ��� − 1
��� ���: ð9Þ

Therefore, the actual achievable data transfer rates for
eMBB users are as follows:

Rt
e ¼ rte − rte;loss : ð10Þ

Above all, we establish a data expression that aims to max-
imize eMBB throughput while satisfying the low latency and
high-reliability requirements of URLLC, expressed as follows:

P0 : max
xtu;bx

t
e;b

E ∑
Tj j

t¼1
Rt
e

� �
; ð11Þ

subject to the following:

P ∑
u2U

Φt
u<U

� �
≤ ε

Φt
uLtu ≤ rtu 8b; t
∑
u2U

xtu;b ≤ 1 8b; t
∑
b2B

xte;b ≥ 1 8e; t
∑
b2B

Φt
uxtu;b ≥ 1 8u; t

∑
b2B

xte;b þ ∑
u2U

∑
b2B

Φt
uxtu;b ≤ Bj j 8t

xte;b ;   x
t
u;b 2 0;   1f g 8e; u; b; t

Φt
u 2 0;   1;   … ;  Bf g 8u;  b;  t

: ð12Þ

5. The Optimal Algorithm

To obtain the optimal solution of the above problem, it is
necessary to consider all numerology values possibilities, as
well as the corresponding data transmission rates for eMBB
users and punching time slots for URLLC users simulta-
neously, providing the highest possible data transmission
rates for eMBB users while satisfying the requirements of
URLLC users for low-latency and high-reliability. There-
fore, we cannot use the traditional optimization algorithm
to deal with this nonconvex problem. To simplify the origi-
nal equations and reduce the computational complexity,
this paper first decomposes the entire optimization problem
P0 into two convex optimization subproblems, P1 eMBB
resource allocation and P2 URLLC scheduling problem. A
decomposition- and relaxation-based strategy is applied to
the eMBB and URLLC resource allocation problems, and
the binary variables xte;b;   x

t
u;b are relaxed to continuous

variables of [0,1]. The dynamic selection numerology algo-
rithm is then proposed based on DQN to get the optimal
solutions. The specific implementation process is as follows.

5.1. P1 eMBB Resource Allocation.
Considering the eMBB resource allocation problem, at this
time, we fixed xtu;b, which means the URLLC user puncture
punching situation is known. The original integer nonlinear
programing problem is relaxed to find the optimal solution
of the approximate range, the noninteger solution is rounded
to get the integer solution, and at this time, the resource
allocation subproblem can be approximated as follows:

eP1 :max
xte;b

E ∑
Tj j

t¼1
Rt
e

� �
; ð13Þ

0 0.25 0.5 1 2 t (ms)

μ = 0, the RB size of eMBB user
μ = 1, the RB size of eMBB user

μ = 2, the RB size of eMBB user
URLLC puncturing eMBB

μ = 2

μ = 1

μ = 0

f (kHz)

FIGURE 4: RB sizes in different numerology.
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subject to the following:

∑
b2B

exte;b ≥ 1 8e; t
∑
b2B

Φt
eexte;b ≤ Bj j þ θ 8t

0 ≤ exte;b ≤ 1 8e; b; t
: ð14Þ

Finally, after solving the above problem, the continuous
variables are converted to the original binary variables by
threshold rounding, assuming that τ2 ½0; 1� : is the threshold,
which is then expressed as follows:

xte;b ¼
1;  exte;b ≥ τ

0;  otherwise

(
 : ð15Þ

The above expression utilizes a threshold rounding tech-
nique to enforce the variables to remain integers, where τ is a
linear relaxation threshold. The value of τ is provided in [24].

The error in the relaxed integer solution obtained by P̃1
may potentially violate the RB resource allocation constraints
of eMBB resources. To address this issue, the integer linear
programing problem P̃1 can be modified as follows:

eP1 :maxxte;bE ∑
Tj j

t¼1
Rt
e

� �
þ αΔ; ð16Þ

subject to the following:

∑
b2B

exte;b þ Δ ≥ 1 8e; t
∑
b2B

Φt
eexte;b ≤ Bj j þ θ 8t

0 ≤ exte;b ≤ 1 8e; b; t
: ð17Þ

In this context, α represents the weight of Δ, which is a
negative value. The objective of the P̃1 problem is tomaximize
the data transmission rate of eMBB data while minimizing the
rounding error Δ, under the condition of a specified value for
x̃ te;b. Consequently, feasible solutions are obtained in the pres-
ence of relaxed errors.

5.2. P2 URLLC Scheduling.
With respect to the URLLC scheduling problem, fix xte;b while
expressing the chance constraint as a linear constraint with
the help of Markov inequalities as follows:

P ∑
u2U

Φt
u<U

� �
≤ ε⇒ P ∑

u2U
Φt

u<U

� �
≤

E U½ �
∑
u2U

Φt
u
: ð18Þ

Therefore, similar to eMBB resource allocation, the URLLC
resource scheduling problem can be reformulated as follows:

eP2 :max
xtu;b

E ∑
Tj j

t¼1
Rt
e

� �
; ð19Þ

subject to the following:

ε ∑
u2U

Φt
u ≥ E U½ �

0 ≤ extu;b ≤ 1 8u; b; t
Φt

u 2 0;   1;   … ;  Bf g 8u;  b;  t
: ð20Þ

5.3. Dynamic Selection of Numerology. To address the above
problems, considering that URLLC traffic is carried out
sporadically and randomly, it is very efficient to allocate
resources by interactively and intelligently selecting numerology
values in the environment, where numerology values can be
updated at the beginning of each time slot to obtain the target
optimal solution.

State S: the system state consists of URLLC and eMBB
user basic information, including eMBB allocated packet size,
URLLC packet size, channel throughput, etc. Therefore, we
define sðtÞ: ¼fμ;  Ltu;  Rt

eg: as the state space of the whole sys-
tem at timeslot t.

Action A: the action space is the number of punctured at
timeslot t. Therefore aðtÞ : ¼fxte;b;  xte;bg:, when both are 1
represents the timeslot t is punctured.

To address the above problem, this paper designs the
policy πðat;  stÞ : that the next state depends only on the cur-
rent state and the action taken on the current time slot.
Therefore, the eMBB and URLLC resource allocation prob-
lem can be considered as a Markov decision process (MDP),
and this paper designs the corresponding reward function
based on the DQN framework to obtain the optimal policy.

Reward R: the reward function is related to the objective
function. Considering that our objective is to obtain the
maximum eMBB data transfer rate under the URLLC con-
straints, the value of the reward should be positively related
to the magnitude of the eMBB data transfer rate while con-
sidering all actions of the intelligence. Therefore, the reward
function is defined as the sum of the weights of the system
throughput and satisfying the URLLC constraints.

R s tð Þ; a tð Þð Þ ¼ γE Φt
u − Ltuð Þ þ φRt

ed: ð21Þ

Specifically, the DQN-based dynamic numerology selec-
tion algorithm roughly follows Algorithm 1. At the begin-
ning of each time slot, the current numerology and URLLC
packet size, etc., are input as the current state; in the current
state, the predicted Q-value of each numerology value is
output using the deep neural network model, and the highest
Q-value is output according to the policy selection corre-
sponding numerology value; calculate the reward value based
on the currently selected numerology value and the resource
allocation result, and the goal of this reward function is to
maximize the data transmission rate of eMBB users under
the limitation of URLLC users; update the weights based on
the reward value and the selected action so that it can select
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the optimal numerology value based on the current state and
this update process uses techniques such as experience
replay, gradient descent, etc.; repeat the above process until
the system completes the resource allocation process and the
DRL algorithm iteratively updates the weights of the neural
network model to adjust the selection strategy of the optimal
numerology value based on the state and reward value of
each time slot.

6. Performance Evaluation

This section implements and evaluates the performance of
the proposed model with the help of MATLAB. We consider
a wireless network where the BS is located at the center of the
coverage area, and many eMBB and URLLC users randomly
appear in the area. The former is always in transmission,
while the latter has a sudden sporadic character. The dura-
tion of a frame is 1ms, and each frame is further divided into
equidistant time slots depending on the numerology taken.
In the considered mixed numerology network, each RB con-
sists of 12 subcarriers with 14 OFDM symbols, each mini-
time slot consists of 2 OFDM symbols, and the modulation
and demodulation modes are QPSK and 16QAM. The total
resources used in this paper are four frames with a duration
of 40ms. The RB size varies depending on the value of μ, but
the total resources remain fixed. Each subframe has 1
URLLC user data packet, where the arrival packet size for
URLLC users follows a Poisson distribution traffic model
with λ¼ 1, and the URLLC data packet sizes are not uniform.
The numerology takes the values μ¼f0;  1;  2g : and the cor-
responding subcarrier frequency Δf 2f15; 30; 60g:; kHZ.
The channel noise is set to 0 dB in the presence of punctur-
ing, representing no eMBB data transmission. In the absence
of puncturing, the signal-to-noise ratio is 10 dB, indicating
smooth eMBB data transmission.

First, the performance of the system with a fixed numer-
ology, i.e., μ is taken to be constant and simulated by
MATLAB. The throughput, as well as the data transmission
rate in the normal eMBB scheduling process, remain basically

fixed for the two modulation modes. Then, the performance
corresponding to different numerologies is further investi-
gated by varying the SNRwithin a certain range and observing
the throughput in the transmission process. For different
values of numerology, a reduction in numerology is inevitably
accompanied by a reduction in throughput. Therefore, in this
paper, we hope to choose suitable numerologies to reduce the
impact of puncturing on channel throughput while increasing
the eMBB data transmission rate, given a fixed signal power of
the transmitter.

In Figure 5, the convergence of the reward function for
the proposed algorithm is illustrated over training iterations.
It can be observed that throughout the training process, the
convergence curves of the total reward function for all agents
emerge. Moreover, with the increase in training iterations,
the resource allocation scheme within the system under-
goes continuous changes, and the system’s reward exhibits

1 Initialize replay memory D, capacity is N

2 Initialize action-value function Q with random weights γ and random target Q with γ0 ¼ γ

3 For episode= 1, J do

4 repeat

5 With probability ε select a random action ak, update numerology value μ, with probability 1− ε select a random action
ak ¼ arg maxQðsk;  a;  θÞ:

6 Execute action ak, observe reward R and new station s0

7 Store ðsk;  ak;  Rk;  skþ1Þ: in replay memory D

8 Collect sample dataðsj;  aj;  R j
;  s

jþ1Þ : from replay memory D randomly

9 Update action-value function Q with limit γ

10 Every C steps reset γ0 ¼ γ

11 until S termination stat

12 End For

13 Return optimal strategy π∗

ALGORITHM 1: DQN-based resource allocation algorithm.
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FIGURE 5: The reward function value of the algorithm.
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a gradual upward trend, ultimately converging as training
progresses.

It is known that URLLC user packets follow a Poisson
distribution traffic model, and the performance of the system
is first simulated and analyzed for different arrival cases of
URLLC users with QPSK modulation. The packet size of
URLLC following Poisson distribution with time is shown
in Figure 6.

Figure 7 shows the performance of eMBB throughput for
different numerology values in the case of URLLC packet
illustration. From the comparison of simulation results, it

is obvious that regardless of the chosen numerology, the
whole throughput of the system must drop when there is
URLLC user puncture punching, and the larger the URLLC
user packet is at the same numerology value, the throughput
loss due to puncture rises, but the level of degradation varies
for different numerologies. Therefore, in this paper, we
formulate the multiplexing process of eMBB and URLLC
as an MDP problem, propose a dynamic adjustment of the
numerology-taking algorithm based on DQN, introduce a
value function, and evaluate all the trained policies through
continuous iterations to obtain the optimal policy, which
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FIGURE 7: eMBB throughput for different numerology values under QPSK.
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moderates the decreasing trend of data throughput and
shows that the use of mixed numerologies is meaningful.

Figure 8 shows the performance of the eMBB data trans-
mission rate in the case of the URLLC packet illustration
above. From the comparison of simulation results, it is obvi-
ous that regardless of the chosen numerology, once the
URLLC users puncture, eMBB data transmission rate must
drop, and the larger the URLLC user packet at the same
numerology value, the greater the impact of perforation on
eMBB data transmission rate, but the degradation is different

for different numerologies. Therefore, by dynamically adjust-
ing the numerology values, it can be seen in Figure 8 that the
dynamic selection of the numerology algorithm proposed in
this paper maintains the eMBB data transfer rate at a high
level with better performance. According to the simulation
results, when the eMBB transmission rate is relatively low,
the throughput difference shown in Figure 7 is not signifi-
cant. This indicates that the dynamic μ algorithm proposed
in this paper achieves comparable performance with fewer
resources, demonstrating a certain degree of superiority.
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FIGURE 8: eMBB data transmission rate for different numerology values under QPSK.

0 5 10 15 20 25 30 35 40
t (s)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Th
e U

RL
LC

 p
ac

ke
t s

iz
e

FIGURE 9: URLLC packet size under 16QAM.
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Wireless Communications and Mobile Computing 11



Keeping the rest of the conditions unchanged and chang-
ing the modulation to 16QAM, the URLLC packet size is
shown in Figure 9.

Figure 10 depicts the overall throughput performance of
16QAM modulation with different numerology values. It is
obvious from the comparison of the simulation results that
the overall throughput of 16QAM is increasing compared to
QPSK. However, no matter what numerology is chosen, the
overall throughput decreasing trend is still unavoidable once
punctured, and the throughput loss caused by puncture and
URLLC user packet size are positively correlated under the
same numerology value, with different levels of decrease for
different numerologies. At this time, the dynamic selection of
the numerology algorithm can provide the system with the
optimal numerology to smooth out the throughput change
curve.

Figure 11 shows the performance of the eMBB data
transmission rate in the case of the URLLC packet illustra-
tion. From the comparison of simulation results, it can be
found that different modulation methods reduce the peak
difference of eMBB data transmission rate, which is stable
at about 100 Mbps, and the low peak of eMBB data transmis-
sion rate occurs when the numerology is fixed, which greatly
reduces the transmission reliability of the whole system.
Therefore, by dynamically adjusting the numerology values,
the dynamic selection numerology algorithm proposed in this
paper maintains the eMBB data transmission rate at a stable
value and performs better in terms of reliability.

In the comparative experiments, the dynamic association
scheme proposed in this paper is compared with the propor-
tional fairness (PF) algorithm [7], the algorithm for maxi-
mizing eMBB data rate using puncturing strategy (Sum-
Rate), and the distributed bandwidth optimization based
on ADMM (DBO-ADMM) algorithm [25].

The relationship between the data transmission rate of
eMBB users and the average packet arrival rate of URLLC is
illustrated in Figure 12. It can be seen that the eMBB average
data transmission rate of the dynamic numerology selection
scheme proposed in this paper is 6.12% higher than the Sum-
Rate algorithm, 19.54% higher than the PF algorithm, and
68.33% higher than the DBO-ADMM algorithm. As the
average packet size of URLLC increases, the data transmission
rate of eMBB users decreases. However, due to the dynamic
allocation of digital resources proposed in this study, the
impact on the data transmission rate of eMBB users is signifi-
cantly less compared to other algorithms.

As shown in Figure 13, when the URLLC average packet
arrival rate increases, the reliability of URLLC user data
transmission decreases for all four algorithms. When the
number of URLLC packets is small, the data reliability of
the proposed dynamic numerology selection method is com-
parable to PF and Sum-Rate algorithms. However, with the
increase in URLLC user data volume, the URLLC data reli-
ability of the dynamic numerology selection method is sig-
nificantly superior to other solutions. When the URLLC user
data volume is 4, the reliability of the dynamic numerology
selection method is 11.67% higher than that of the PF algo-
rithm, 17.8% higher than the Sum-Rate algorithm, and 28.36%
higher than the DBO-ADMM optimization algorithm.

7. Conclusions

In this paper, we propose a dynamic selection numerology
scheme for dynamic resource slicing in CP-OFDM-based
downlink with the aim of satisfying URLLC constraints while
improving the reliability of eMBB. To facilitate joint schedul-
ing of eMBB and URLLC traffic, a combination of numerol-
ogy, mini-time slot-based transmission, and orthogonal and
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punctured scheduling methods is used to solve the optimal
resource allocation problem. In particular, this paper analyses
the selection of numerology values, decomposing the optimi-
zation problem into two convex optimization subproblems to
reduce the computational difficulty and applying the DRL
algorithm to determine the optimal numerology configura-
tion parameters at the beginning of the time slot. Through
simulation, it is found that the dynamic numerology selection
scheme proposed in this paper can adapt to the network
dynamics and maximize the data transmission rate of eMBB
in each time slot while satisfying the high-reliability and low
latency of URLLC and the utilization of computational
resources increases as the number of URLLC holes increases,
which helps maintain the reliability of data transmission and
achieve lower latency for URLLC slices. The superiority of the
scheme in this paper in the scenario of the coexistence of two
services is verified.
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