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Abstract—As a crucial enabler for the wireless upgrade of
the industrial Internet of Things (IloT), the integration of fifth-
generation (5G) wireless network and the wired time-sensitive
networking (TSN), i.e., SG-TSN, is expected to support the
deterministic transmission of massive data flows in IIoT systems.
Therefore, we focus on the design of a joint flow scheduling
scheme for the uplink of SG-TSN. Specifically, in the 5G part,
we propose a novel multiple configured grant (MCG) subframe
structure to efficiently exploit the available spectrum resources.
Meanwhile, in the TSN part, the age of synchronization (AoS)
indicator, which measures the freshness of each flow arriving
at the transparent bridge connecting 5G and TSN, determines
which flow should be injected into the TSN. Then, to support
massive device access, we formulate an optimization problem
to maximize the number of successfully transmitted flows while
satisfying the quality of service requirements. To solve the non-
stationary and non-convex problem, we propose a cooperative
multi-agent proximal policy optimization (CMA-PPO) based flow
scheduling scheme to determine the MCG configuration with
cognitive information of flows. The scheme can improve the
number of successfully transmitted flows within the deadline
constraints. Extensive numerical simulations demonstrate that,
compared with benchmarks, the proposed scheme improves the
number of successfully transmitted flows by up to 24.02% and
about two times compared with the benchmarks in the 5G-TSN
network.

Index Terms—5G-TSN, multiple configure grants, age
of synchronization, cooperative multi-agent proximal policy
optimization.
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I. INTRODUCTION

HE INDUSTRIAL Internet of Things (IloT) plays a cru-
T cial role in the fourth industrial revolution, characterized
by the time-sensitive data transmission between numerous
industrial sensors/devices and decision-making controler [1].
To enable the deterministic transmission through both wired
and wireless networks [2], [3], the integrated fifth-generation
(5G) and time-sensitive networking (TSN), i.e., 5G-TSN,
has been proposed in the 3rd Generation Partnership Project
(3GPP) Release 16 (R16) [4], [5]. Furthermore, 3GPP R17
defines the 5G system as a transparent bridge, which facilitates
the flow control at TSN ingress/egress ports by introducing
TSN translators (TTs) for the user and control planes [6].
The design of the transparent bridge simplifies the architecture
of 5G-TSN and makes it feasible to implement. However,
TSN utilizes time-domain access, while 5G performs multiple
access in the time-frequency domain. This mismatch results in
different scheduling resolutions when flows are injected from
5G into TSN [7]. Therefore, the deterministic transmission in
5G-TSN encounters substantial challenges, particularly in the

joint design of 5G access and TSN flow forwarding, as well as

the constrained transmission resources within massive access
devices. To address these challenges, developing integrated 5G
multiple-access and TSN flow forwarding protocols and an
efficient resource management scheme is imperative.

Under the 5G-TSN framework, a suite of 3GPP tech-
nologies in [8], [9], [10], [11] have been instrumental in
facilitating massive ultra-reliable and low-latency communi-
cations (mMURLLC) for 5G. Specifically, the grant-free (GF)
technology is proposed as an innovative alternative to grant-
based (GB) access in Long Term Evolution (LTE) [8], which
achieves low-latency wireless access by eliminating the need
for scheduling requests. To further enhance transmission
reliability, 3GPP has proposed the K-repetition GF access
approach [9], which achieves reliable sequential transmission
by sending a predefined number of consecutive replicas of
the same data flow during successive time slots. In response
to severe flow collisions caused by massive GF access, non-
orthogonal multiple access (NOMA) was integrated into GF
access, resulting in the GF-NOMA framework. GF-NOMA
framework is designed to reduce collisions during the uplink
massive access within 5G systems [10]. Based on GF-NOMA,
the multiple configured-grants (MCG) transmission has been
proposed in [11], adapting to varying scheduled resources’
starting time slot offsets caused by the casual uplinks flows’
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arrival time. MCG raises the MCG-GF-NOMA framework,
which further reduces the latency of flows at each subframe.
The MCG-GF-NOMA framework is advantageous in reducing
collision events during the contention period for multiple
active devices and decreasing latency by providing multiple
start offset options. However, the MCG-GF-NOMA frame-
work merely works on the 5G side network and does not
guarantee latency in the TSN side network.

To ensure seamless time-sensitive data flow transmission
across the entire 5G-TSN network, further enhancements of
TSN are imperative, particularly in the realm of TSN schedul-
ing. The dynamic nature of wireless channels introduces
uncertainty of 5G side transmission latency, complicating the
pre-configuration of the gate control list (GCL) in TSN switch
equipped with the time-aware shaper (TAS) [12], [13]. To sat-
isfy the requirements of real-time seamless flow injection from
5G to TSN without pre-configured information, TSN intro-
duced the cyclic queuing and forwarding (CQF) technique,
which implements ping-pong queues by cyclically alternating
the sending and receiving status on switch ports [14]. Since
the gate operations are executed repetitively, the injections
of multiple flows into a single queue is feasible if the
queue’s capacity is not exceeded, making the temporal order of
flows within the queue inconsequential. However, the lack of
effective jointly scheduling scheme of 5G-TSN network leads
to congestion in dynamic and high-load scenarios [15].

To solve the above issues, this paper aims to maximize
the number of successfully transmitted time-sensitive flows by
introducing a joint flow scheduling scheme in GB-Enhanced
MCG-GF-NOMA based 5G-TSN uplink framework. Our con-
tributions are summarized as follows:

1) The 5G-TSN framework design: We consider the deter-
ministic transmission across 5G-TSN with massive
device access. To efficiently exploit the available spec-
trum resource, we propose a novel MCG frame structure.
Furthermore, the age of synchronization (AoS) indicator
is utilized for the flow injection from the base station
(BS) to the TSN. We then formulate a problem to
maximize the number of successfully transmitted flows
constrained by the QoS requirements.

2) Multi-agent reinforcement learning with proximal policy
optimization: To address the formulated non-stationary
and non-convex problem, we first propose a GB-
enhanced MCG-GF-NOMA framework. Then, we
utilize the cooperative multi-agent (CMA) reinforcement
learning (RL) algorithm to optimize the MCG configura-
tion of MCG-GF-NOMA framework based on cognitive
information of flows. We adopt the proximal policy
optimization (PPO) to learn the non-stationary environ-
ments, which enhances the accuracy of policy gradient
calculations and improves efficient convergence.

3) Simulation evaluations for the priority of the proposed
framework: We conduct extensive simulations to com-
pare the proposed design with existing solutions. The
simulation results show that the proposed scheme can
improve the number of successfully transmitted flows
by up to 24.02% and about two times, compared to
benchmarks.
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The rest of this paper is organized as follows. Section II
overviews the related works and technical background of 5G-
TSN. The system model is defined in Section III. Section IV
presents the AoS-enhanced flow scheduling and problem
formulation. Section V explains the proposed CMA-PPO
approach. Section VI presents the simulation evaluations. And
finally, we conclude the paper in Section VII.

II. RELATED WORKS AND TECHNICAL
BACKGROUND OF 5G-TSN

In this section, we provide the related works and technical
background of 5G-TSN. First, we introduce the related open
literature about 5SG-TSN and summarize the novelty of this
work from existing works. Then, we introduce the technical
background of the considered system model.

A. Related Works

To guarantee seamless time-sensitive data flows’ transmis-
sion over a 5G-TSN network, existing studies have focused
on the design of scheduling schemes under the standards
of the 3GPP and TSN [16], [17], [18], [19], [20]. In [16],
the authors introduced a dynamic quality of service (QoS)
mapping scheme and an adaptive semi-persistent scheduling
(SPS) method for periodic data flows. This method’s reliance
on prior flow information of the periodic data flows lim-
its its applicability across diverse scenarios. Especially, the
SPS method cannot be deployed for event-triggered flows to
guarantee deterministic transmissions. To accommodate the
transmission needs of massive time-sensitive devices, a coop-
erative multi-agent double deep Q-network (CMA-DDQN) for
MCG-GF-NOMA was proposed to support mURLLC [17],
which only considered transmission within the 5G network.
Further research on the deployment of MCG-GF-NOMA in
the SG-TSN network, as presented in [18], added the CQF
as a paradigm to support deterministic transmission. CQF can
realize deterministic flow scheduling within 5G-TSN networks
without pre-configured information [19], [20]. The MCG-GF-
NOMA framework inefficiently utilizes spectrum resources
during the MCG configuration, leading to low deterministic
transmission efficiency in the 5G network. Meanwhile, the
CQF can only guarantee the deterministic transmission in
TSN; the uncertain latency in the 5G side due to the dynamic
nature of wireless channels may indirectly affect the deter-
ministic transmission efficiency in TSN. An effective joint
scheduling scheme over SG-TSN networks is urgently needed.

With the present related works, the key points of the
proposed joint scheduling scheme over 5G-TSN networks
can be summarized as: (1) GB-enhanced MCG-GF-NOMA
framework: The IIoT time-sensitive flows’ deadlines were
defined in the range from 1 ms to 5 ms [21], the deadline
range can only allow part of the time-sensitive flows to
retransmit with GB access scheme in the 5G-TSN networks,
which can improve the reliability of transmission without
collisions caused by random access in 5G network [9].
We introduce a GB-enhanced MCG-GF-NOMA framework,
which can support GF-NOMA and GB-NOMA transmission
with an effective MCG pre-configuration (including spectrum
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TABLE I
RELATED WORKS COMPARISON NOTE: GREEN SQUARES B INDICATE THE LIMITATIONS OF THE
WORKS AND BLUE STARS % HIGHLIGHT THE ADVANTAGES OF THE WORKS

Scenario Ref. 5G Side Tech.

TSN Side Tech. Limitations & Advantages

URLLC over 5G-TSN [16] SPS

Low efficiency in massive access
Relies on a priori information
% Low mapping complexity
% High resource efficiency

TAS

mURLLC over 5G [17] MCG-GF-NOMA

Only support low latency transmission over 5G

N/A % High massive access capacity

[18] MCG-GF-NOMA

Without further design of the framework
% Low energy consumption
% Robust with environmental non-stationarity

CQF

mURLLC over 5G-TSN

[22] GF

Low efficiency in massive access

CQF % Feature aware flow injection

This paper | GB enhanced MCG-GF-NOMA

% Enhanced framework design

AoS+CQF % Joint flow scheduling scheme

allocation, transmission repetition value settings of GF-NOMA
and GB-NOMA, and starting offset configurations). (2) AoS-
enhanced flow scheduling: In the TSN, the authors in [22]
utilized centralized training with a decentralized execution
technique to manage flow injection from the BS’s gateway
to the TSN with the 5G transmission feature. The per-stream
filtering and policing (PSFP) is considered a key technique to
manage flow injection from the BS’s gateway to the TSN, thus
integrating the 5G network with TSN. Furthermore, to support
broadband services, the authors in [23] proposed an age-
of-information (Aol)-based flow scheduling scheme in TSN,
which constructs an augmented logical topology according
to the service constraints without considering the subframe
structure design of supporting massive deterministic trans-
mission. Age metrics (Aol, AoS, etc.) are defined to record
the time elapsed since the generation time, which provides
guidelines for future communication system design. Based on
these works, we adopt an AoS-enhanced flow scheduling to
manage flow injection with PSFP, thus enhancing the joint
scheduling scheme of the flows over SG-TSN. The comparison
of the related works is shown in Table I.

B. Technical Background

1) 5G NR Frame Structure: The 5G NR frame structure
is a highly adaptable and efficient design that accommo-
dates the varied demands of 5G services, emphasizing low
latency and the ability to scale with different operational
requirements [17]. Specifically, the frame structure com-
prises a 10-millisecond radio frame, further divided into ten
1-millisecond subframes. Each subframe is further divided into
2H slots, where p € {0,1,2,3,4} denotes the numerology
factor. The slot duration can then be calculated as 2% ms. Each
slot typically consists of 14 orthogonal frequency division
multiplexing (OFDM) symbols, whose period is defined as a
transmission time interval (TTI), with each symbol duration
represented as 2#7;14 ms. As a result of changes in the variable
numerology factor p, the number of TTIs (5G slots) may
also vary. For instance, a larger numerology factor results
in shorter symbol durations, thus shortening the TTI and
enabling support for low-latency services. To further reduce
the transmission latency, 5G NR introduced the concept of
mini-slots, whose TTI spans just 2, 4, or 7 OFDM symbols,

Codebook-pilot mapping
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Fig. 1. An example of contention transmission unit (CTU).

instead of 14 symbols for a typical slot, thus reducing the

TTI from 55 ms to % ms, where Ngypo1 denotes the
number of symbols within a mini-slot [24]. For example, when
p = 2 and Ngympol = 7, the TTI is equal to 125 ps. This
feature is essential for meeting strict latency requirements
of specific applications, such as autonomous driving and

industrial automation.

2) MCG-GF-NOMA: GF technology has been introduced
to address the latency challenges of time-sensitive 5G wireless
communication services. This technology permits uplink trans-
missions from devices to the BS in an “arrive-and-go” fashion,
bypassing the need for scheduling requests and resource grants
and thereby significantly reducing transmission latency [10].

Considering the limited time-frequency resource units, the
simultaneous access and transmission for massive devices
is practically infeasible, thus prolonging the transmission
latency. NOMA has been introduced to address the massive
transmission of low latency by leveraging the non-orthogonal
code domain resources to tackle this issue. As depicted in
Fig. 1, in the three-dimensional time-frequency-code domain,
the smallest transmission unit that devices compete for is
termed a contention transmission unit (CTU), which com-
prises a multiple access (MA) physical resource and an MA
signature [25]. Each MA physical resource spans a set of
time-frequency resource blocks (RBs). The MA signatures
represent a set of pilot sequences for channel estimation or
device activity detection and a codebook designed for robust
data transmission and interference mitigation. The mapping
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Fig. 2. Illustration of the integration of 5G and TSN, highlighting data flows
from IIoT devices to the BS, then injected into the TSN.

between the pilot sequences and the codebook determines
which CTUs each device can utilize for random access.

Each pilot sequence [ is uniquely paired with a specific
codebook, serving as the device’s signature. NOMA enables
multiple devices with distinct pilot sequences and codebooks
to transmit over the same RB, thereby increasing the num-
ber of accessible devices without expanding time-frequency
resources. We use No1y = F X L to denote the number of
CTUs in each subframe, where F and L denote the number
of RBs in each subframe and the number of CTUs overlaid
in each RB, respectively. Despite the increased CTU number
brought by NOMA, under the GF-NOMA mechanism, access
collisions occur when multiple non-collaborative devices select
the same pilot sequence and the corresponding codebook, i.e.,
the same CTU. Thus, in the GF-NOMA transmission, we
classify the CTUs into three categories: a) idle: CTUs not
chosen by any device; b) singleton: CTUs chosen by only one
device; and c) collision: CTUs chosen by two or more devices.

Besides, as defined in 3GPP Release 15, since subframe
is the smallest scheduling unit, a device configured with a
single CG must wait until the next subframe to transmit if
data arrives during the transmission of a subframe, which can
introduce additional latency for time-sensitive services [26].
To mitigate this issue, the MCG concept was proposed in
3GPP Release 16, enabling support for various start offsets
in resource allocation so as to reduce the latency caused by
waiting for the next subframe [11].

3) CQF-Based Forwarding and Per-Stream Filtering and
Policing: CQF 1is an integral technology within the TSN
framework, primarily operational within network switches. For
each TSN gateway and switch, a total of eight queues are
designated, with two specifically configured as dual ping-
pong queues (denoted as Q6 and Q7 in Fig. 2). The switch
meticulously manages these queues in a cyclical manner,
orchestrating the en-queueing and de-queueing processes. This
ensures that data flows enqueued in one time slot are promptly
dequeued in the subsequent time slot and concurrently received
by the downstream TSN switch. This cyclical mechanism is

IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOLUME 12, 2026

pivotal in maintaining transmission latency within a predefined
threshold. Furthermore, to optimize queue utilization within
the TSN network, especially for the seamless integration of
5G and TSN transmissions, the system incorporates the PSFP
mechanism [27]. One key problem during the integration of 5G
and TSN transmissions is that the latency in the 5G network
is not deterministic due to the nature of the dynamic channel
conditions. Before flow injection, the BS acts as a TSN logical
gateway to re-encapsulate the flows from 5G devices [19]. The
PSFP permits stream filtering, policing, and enqueue decisions
through three components in order, i.e., the stream filters,
stream gates, and flow meters. Stream filters classify flows
into streams using a stream handle or the Priority Code Point
(PCP) in the virtual LAN (VLAN) tag, supported by flow
classification rules that combine fields such as MAC addresses,
VLAN ID, and priority to map each stream to a dedicated
stream gate. Stream gates regulate flow enqueuing via an
open/closed state and an Internal Priority Value (IPV), where
open gates permit flows to enter transmission queues aligned
with the current IPV, while closed gates discard flows, with
both states and IPVs dynamically updated via a cyclic time-
based schedule. The flow meters enforce traffic specifications
by marking flows as compliant or non-compliant and dropping
excess traffic, while also enabling policed shaping through
priority adjustments. At the end of the PSFP process, the flows
are enqueued in the transmission queues according to the IPV
of the traversed stream gate. The proposed AoS-enhanced flow
scheduling manages the IPV of each flow, thus deciding which
flow can be injected into the TSN and forwarded with CQF.
PSFP serves as a preemptive measure to mitigate the risk of
overflow in CQF-based forwarding. It operates by managing
the data flows before they are injected into the TSN network,
thereby enhancing the overall efficiency and reliability of the
transmission process [28].

III. SYSTEM MODEL

We consider a 5G-TSN network for the real-time trans-
mission of an IIoT system as shown in Fig. 2, where
event-triggered time-sensitive flows are generated by M
devices, which are wirelessly transmitted to a BS, then injected
into the TSN, and finally forwarded to the destined receiver
through the wired TSN network. Meanwhile, we configure
the TSN slot size to match 5G for proper slot alignment,
as 5G URLLC features shorter mini-slots for effective TSN
integration [18], i.e., when p = 2 and Ngypmpoy = 7, the
5G TTI is equal to 125 pus, we set TSN slot as 125 us too.
Moreover, the set of SG-TSN networks is considered to meet
the clock synchronization requirements of the BS, gateway,
and TSN switches [29]. The flow generated by device m is
denoted as fy,, which has a strict deadline T,]?L. The GB-
enhanced MCG-GF-NOMA mechanism [11] is adopted for
the multiple access and data transmission, the schematic frame
structure of which is plotted on the bottom left of Fig. 2.
Then the BS injects the flows into the TSN, where the flows
are forwarded to the destined receiver based on the CQF
scheduling. The main variables of the system are summarized
in Table II. We represent the slot index as ¢ € {1, ..., T'}. The
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TABLE II
SYSTEM NOTATION LIST
Notation Description Notation Description
dm The distance between the m-th device and the BS Dy, The total transmission latency of device m
D36 The 5G side transmission latency of device m DJISN The TSN side transmission latency of device m
Om (T) Indicator of whether flow fy, successfully transmitted & The set of connections between any two switches
E(fm) The transmission path set of flow fi, n The path-loss attenuation factor
fm The flow of device m gm () The AoS evolution of device m
g The TSN topology 'yTSYILN}f i (k) The SINR of device m
Yth The SINR threshold hm,n The small-scale fading of device m at RB n
L, The large-scale path loss of device m A The carrier wavelength
M The number of devices m The 5G NR numerology factor
NETY(7) The CTU number of CG; in the 7-th subframe N3 (T) The start offset of CG; in the 7-th subframe
Ni(T) The repetition slot number of CG; in the 7-th subframe NGB The GB repetition slot number of CG; in the 7-th subframe
Ncg The number of CGs N (k) The flow number of N3¢ (k)
NZ Sum numberdof.the successfully transmitted flows NE (k) The set of fievices that have chosen
uring the 7-th subframe 1 the collision CTUs at the RB n
NE (k) The set <g ](%Viges tha't have 'chosen the singleton Proni(k) The received power of m—Fh' device at the
e s fordevice m at the RB n k-th reception of CG; at RB n
Oom,e(t) Indicator of flow fy, occupying the forwarding resource P The transmitting power of each device
Tm, The flow injection indicator Qsize The maximum forwarding capacity of each switch
t The time slot count T The subframe count
tslot The time length of a slot ¢ > The required deadline constraint of device m
rirans The GF repetition number when the m-th retrans The GB repetition number when the m-th
m device decodes successfully m device decoded successfully
TRIT The RTT slot number of ACK/NACK feedback Tyt The wait time slot number of the flow of device m
Thre Required TSN pre-configured transmission time 1% The set of TSN switches
latency consumed by f,, can be represented as
Flows arrival time
Dy = DpC + DN, (1) C\TU wth subtrame /" | (z+1)-th subframe |
where D?,LG and DE;SN are the 5G side transmission latency CG, 1¢
and the TSN side transmission latency, respectively. 1=
The AoS metric is applied in this paper to capture the 1
unpredictable latency of wireless transmission [30], which CG,
measures the time elapsed since the generation time slot of a ~
flow that has not arrived at the receiver. We use the index ry, to CG; z
indicate whether f;,, has been received, with r,, = 1 indicating
that f,, is received, and 1, = 0 otherwise. We denote the CG,
generation slot index of f,, as t& . Thus, the AoS (in the unit “Transrifssion slots 0T G, ~ ~ ~ ~ Retramsmission siofs
of a slot duration) evolution of f;,, at slot 7 (¢ > t§,) can be
represented as
- {2
0, otherwise,
where gm(t% ) =0. Fig. 3. Proposed subframe structure under the GB-enhanced MCG-GF-

A. GB-Enhanced MCG-GF-NOMA Subframe Structure
Design

As shown in Fig. 3, we consider p = 2, i.e., the time slot
number of a subframe Tf.,, is 8. Each subframe consists
of 4 transmission CTU slots, 3 signaling slots, and a guard
band slot. Slots from 0 to 3 are defined as CTUs, and
the following 3 slots are defined as signaling slots, which
are used for the BS to transmit the ACK/NACK feedback
and control information for the devices. At the end of each
subframe, one slot is defined as a guard band to prevent

Authorized licensed use limited to: BEIJING UNIVERSITY OF POST AND TELECOM

NOMA framework.

the transmission flows and signaling flows from interfering
with each other’s transmission. The CTUs are defined as
MCG CTU and reserved CTU, respectively. CGs have been
classified into 4 different types. The four subframe structures
are designed to transmit flows generated before different start
offsets. In each CG, a start offset is defined thus that the flows
generated at the device can be transmitted in MCG CTUs
immediately in the next slot with “arrive-and-go” fashion.
Meanwhile, the reserved CTUs can retransmit the flows that
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are not successfully transmitted in the previous subframe, i.e.,
the reserved CTUs in the CGo, CG3, and CGy4 can be used to
retransmit the flows which are under the deadline constraint in
a GB manner. The flow transmission cases can be summarized
as follows:

e Case 1: When the flows are generated at the end of
the MCG CTUs, signaling slots, and guard band slot,
the flows cannot be transmitted at the next CTU slot
immediately. All the flows are postponed to the next
subframe for transmission. The flows are transmitted from
the start of the next subframe’s MCG CTUs, i.e., the CGy
is implemented to transmit the flows.

o Case 2: When flows are generated in the first three slots
of the MCG CTU slots, the flows are transmitted by the
CGo, CGs, and CGy4 according to the generation order.

The MCG-GF-NOMA framework can significantly decrease

the signaling overhead. Still, the reliability cannot be guar-
anteed for each CG during GF access (e.g., CG4 can only
transmit one repetition, the transmission fails when a collision
or decoding failure happens). Thus, we apply GB scheduling
to improve transmission reliability. When the flow of device
m allocated to CG; is not successfully transmitted, and the
deadline allows the retransmission, then the flow will be
retransmitted in the reserved CTUs with an allocated CG,. All
the subframes in the system have the same number of slots all
the time. Thus, for ease of presentation, we denote the i-th CG
configuration information in the 7-th subframe by CG;(7) =
{NFTY(7), N3(7), NF (1), NGB (1)}, where NCTU(7) is the
configured CTU number of i-th CG in the 7-th subframe,
N$(r) is the configured start offset of the i-th CG in the 7-
th subframe, N;(7) is the configured repetition slot number
of i-th CG in the 7-th subframe, and NZ-GB is the configured
GB repetition slot number of i-th CG in the 7-th subframe.
For each flow, the transmission may have two stages: the GF-
NOMA and GB-NOMA transmission stages. When a flow
m is generated, the flow m is transmitted in the GF-NOMA
manner. The BS randomly chooses one CTU to access the
device m and transmit flow m in this subframe. However, a
collision will occur when more than one device selects the
same CTU. If the flow is not successfully transmitted, and the
deadline allows the retransmission, i.e., we consider Th * as
the theoretical TSN side latency of the flow m, which can be
calculated by the hop number between the BS and receiver.
If (gm(t) + NOB)tyoe + Th'® < TD, then the flow m is
transmitted in the GB-NOMA manner, otherwise, the flow m
is not retransmitted. The BS allocates the reserved CTU via
polling to each flow for transmission by using GB-NOMA. In
particular, the GB-NOMA can avoid collisions occurred during
random access. The detail of the transmission procedure with
the GB-enhanced MCG-GF-NOMA framework is shown in
Algorithm 1.

B. 5G Side Latency Model

For the 5G side transmission, each device has two ways
to transmit the flow: (1) the device transmits the flow in the
GF-NOMA manner with a certain CG; (2) if the transmission
fails in the GF-NOMA manner and does not exceed the

IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOLUME 12, 2026

Algorithm 1 Transmission Procedure With the GB-Enhanced
MCG-GF-NOMA Framework in 5G Network
1: for m do
2:  Allocate the device m to CG; based on the generation
time of flow m
3:  The BS randomly chooses one CTU of CG; to transmit
flow m

4. if Flow m is successfully transmitted then

5: Transmission procedure of flow m finishes

6: else

7: if (g (t) + NEB)tyor + Thi® < TL then

8: The BS allocates the reserved CTU of CG; via
polling to transmit flow m

9: else

10: Flow m is not retransmitted, and the transmission
procedure of flow m ends

11: end if

12 end if

13: end for

latency constraints, the flow is re-transmitted in the GB-
NOMA manner at the next subframe. Then, we will introduce
the details of the two ways.

1) Successful Transmission During GF Stage: When the
flow of device m is transmitted successfully during the GF
stage, the latency of 5G side transmission for device m to
transmit the flow in the GF stage is given by

DS = (T3 4 T ) g, 3)

where T2t is the time slot from the generation time to
the transmission time of the flow of device m, and Tfﬁans
is the GF-based transmission repetition number that the flow of
the m-th device is decoded successfully, which is determined
by when the GF access repetition number satisfies flow
decoding of the flow of m-th device. The waiting time slot for
the flow of m-th device is determined by

. 1
wait _ ?
Tm - { " t’%L
T

frame

(t';gn mod Tframc) < Teru,

-| Tframe - t;gny Otherwise,

4)

where Ty is the maximum CTU transmission slot number
in a subframe.

2) Successful Transmission During GB Stage: When the
flow of device m is transmitted successfully in the GB stage,
the latency of 5G side transmission for device m to transmit
the flow in the GB stage is given by

D = (Tt TR g T (9)

where T}:{TT is the round trip time (RTT) slot number of
ACK/NACK feedback, which is set as 4 in Fig. 3. T,r,?trans
is the GB transmission repetition number that satisfies flow
decoding of the flow of m-th device. The RTT time slot number
for the flow of m-th device is given by

T;P;TT = Tframe - (trgn mod Tframe)' (6)
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C. Successive Interference Cancellation Decoding

The BS utilizes the successive interference cancellation
(SIC) technique to decode the flows transmitted by the devices.
In accordance with the principles of NOMA, during each
iterative stage of SIC, the BS initially decodes the flow char-
acterized by the strongest received power and subsequently
subtracts the successfully decoded signal from the composite
received signal. The large-scale path loss is modeled as the
free space path-loss (FSPL) model [31], which is given by

)\2
16m2d2,’
where d,, is the distance between the m-th device and the BS.
A denotes the carrier wavelength. Without loss of generality,
we consider the small-scale fading of device m at RB n as
b ~ CN(0,1).

The BS received power from m-th device at the k-th
reception of CG i at RB n is given by

Pm,n,i(k) = P|hm7n(k)|2L;1n )

where P denotes the transmitting power of each device and 7
is the path-loss attenuation factor.

We denote N3¢ (k) as the set of devices that choose the
singleton CTUs of CG i on the n-th RB and decoded in the
SIC iteration behind flow m. The flow number of N7° (k)
is given by Ng* (k). Meanwhile, we denote N CC( ) as
the set of devices that choose the collision CTUs of CG i
on the n-th RB. We assume that the received power of each
flow at k-th reception of CG i at RB n follows Py, ;(k) >
Py i(k) > > Pyse (k)n, ; (k). For each iteration of SIC
decoding, the smgleton CTu Wlth the strongest received power
is decoded by treating the received but not decoded powers
of other CTUs over the same RB as the interference. Thus,
the received signal-to-interference plus noise ratio (SINR) of
the flow of device m, which is allocated to CG i at RB n, is
given by

Lm = )

SINR(k)

Ym,n,i

Pm n, z(k)
(k) Py ( ) + Zm/’GN;“l(k) Pmu(k)’

~ BREN 1> e ©))
where BRB and N represent the bandwidth of an RB and
the unilateral power spectral density of the white noise,
respectively.

At each iterative stage, SIC decoding is successful when
the SINR 7%}25(/6) at the repetition is larger than or equal
to the SINR threshold ~;},; otherwise, SIC decoding fails.
The detailed procedures of SIC decoding are outlined in
Algorithm 2.

D. TSN Side Latency Model

On the TSN side, to reduce the sojourn time, the flows will
be immediately injected into the TSN network and delivered to
its receiver once successfully received by the BS. In the multi-
hop TSN network, latency is deterministic and foreseeable,
relying only on the pre-configured time slot length and routing
path. Meanwhile, we configure the TSN slot size to match
5G for proper slot alignment, as 5G URLLC features shorter
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Algorithm 2 SIC Decoding Procedure
1: Input: iy,
2: Setm =1
3: while m < N5* . (k), do
4:  Based on (9) calculate the SINR 'ySINR(k) of flow m
of CG i on the n-th RB at k-th repetltlon

o if N R (k) > 44 then

6: Flow of device m is decoded successfully, set m =
m—+1

7:  else

8: Flow m cannot be successfully decoded

9: break

10 end if

11: end while

mini-slots for effective TSN integration [18]. We consider the
TSN topology as a directed graph G = {V, £}, where V is the
set of TSN switches and £ represents the set of connections
between any two switches. The transmission path of each
flow fp, is described as a set of sequential links as £(f,) =
(€1,-- -, enop, ), Where hop,, is the hop length of flow fy,.
Each flow is injected between different switches periodically
with the CQF protocol. For example, a flow generated in
the first slot can be forwarded to the switch in the second
slot. This transmission characteristic limits the offset time
into a reasonable range, which guarantees the deterministic
transmission latency. The TSN side latency of f;, from the
BS to the receiver can be expressed based on the deduced
forwarding time as follows:
Z tslot »

e€E(fm)
Vim € F,e € E(fm),

DTSN _

(10)

where E(fy,) is the set of paths between switches that f,
passes through, and e is each element of &(fy,).

In each time slot, the length of each queue should not
exceed the maximum forwarding capacity of switch Qgize-
Thus, we define the indicator oy, (t) to represent whether
flow fp, occupies the queue forwarding resource at the e-th
switch during time slot ¢. Then the queue forwarding resource
constraint is written as

E Ome

me € F,Ve € E(fm), Vit

< QSIZ67

Y

IV. AOS-ENHANCED FLOW SCHEDULING AND
PROBLEM FORMULATION

A. AoS-Enhanced Flow Scheduling

Due to the uncertainty of the arrival time of each event-
triggered flow on the 5G side and the time-varying nature
of the wireless channel, the flows cannot arrive at the BS
within a deterministic 5G side latency. In the BS gateway
connected with the TSN network, we implement PSFP [32]
in the system to deploy filtering and control schemes for
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Fig. 4. Forwarding process in gateway combining the PSFP and the AoS-
enhanced flow scheduling.
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each data flow to ensure that the input flow follows a new
proposed flow scheduling. In the TSN network, each flow fp,
once successfully pre-configured, the theoretical transmission
latency on the TSN side can be calculated as

P
Tmre = Z tslot -

eef(fm)

12)

As shown in Fig. 4, we propose the AoS-enhanced flow
scheduling in PSFP, which is deployed in the BS to manage the
flow injection to the TSN. Since the CQF is implemented in
the TSN, the stream filters in PSFP allow flows to be injected
into a single stream gate in a ping-pong manner (injected into
Q6 and Q7 in turn). The stream filter classifies each flow
into a stream to a dedicated stream gate, and the stream gate
state (i.e., open or closed) depends on the AoS of each flow.
The stream filter also maps each flow to the flow meters,
which are in charge of marking the flows, on the basis of
defined stream specifications, and discarding them if the flow
does not comply with these specifications. To render more
flows transmitted under the deadline constraint in the TSN
network, we propose the AoS-enhanced flow scheduling to
record the real-time AoS metrics of each flow m and apply
AoS into the flow meters to indicate which flow to inject into
the TSN network. When a flow arrives at the gateway, the AoS
gm (t) 10t can be denoted as the 5G side latency of flow m,
then the theoretically TSN side latency T}, ©, can be calculated
by the hop number between the BS and receiver. Thus, the 5G-
TSN theoretical latency can be calculated as g, () st + T -
If gm(t)tgor + T is within the deadline of flow m, then
the flow m complies with the specifications of the proposed
AoS-enhanced flow scheduling and injected into the allocated
TSN queue; otherwise, the flow m is discarded. We use m,
to indicate whether flow m is injected into the TSN network,
which is defined as

— 1, gm(t)tslot + T%re < TE»
rm = {O, otherwise. a3)

The detail of the AoS-enhanced flow scheduling is shown in
Algorithm 3. It is worth noting that a successfully transmitted
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Algorithm 3 AoS-Enhanced Flow Scheduling
1: Initialize the flow injection policing
2: for t do
3:  Cognize the information of the arrival flows at ¢

4:  Calculate TH® of each arrival flow f;,

5. for m do

6: if Flow f,, arrives the BS at 7, and g, (¢)t10r +

TH'® < TD then

7 Inject flow fy, into the TSN network, and set 7, =
1

8: else

9: The flow f, is discarded, and set 7, = 0

10 end if

11:  end for

12: end for

flow under the deadline constraint can be affected by the
5G side sampling decision. In the following, we describe the
problem formulation of the 5G side sampling decision.

B. Problem Formulation

We aim to maximize the successfully transmitted flows.
We use d,, to indicate whether the flow of device m is
successfully transmitted within the deadline constraint. The
flow is generated at the device m during subframe 7 in the
5G-TSN network. 6, is given by

: D
S () = {1, if Dy, < T,

0, otherwise.
Then the sum number of the successfully transmitted flows
during the 7-th subframe is obtained as

(14)

M
Niwe =Y Sm(7). (15)
m=1
To jointly design the 5G network and TSN, we formulate
an optimization problem whose objective is to maximize the
number of long-term successfully transmitted time-sensitive
flows, which is given by

o
max Y E(Nj) (16)
T =1
Nee
st. Y NITY(r) = Ny, v, (16a)
=1
M
> ome(t) < Quige, Ve, Vi, (16b)
m=1

where Ncg is  the number of CGs, Ar =
{CG1(7),...,CGpg(7)} is the sampling indicator set of
each CG, CG;(r) = {NFTY(r),N5(r), NI (7), NSB(7)}
at each subframe T, NZ-CT (7) is the configured MCG CTU
number of i-th CG in the 7-th subframe, N(7) is the
configured starting offset of the i-th CG in the 7-th subframe,
N/ (r) is the configured repetition slot number of the i-th CG
in the 7-th subframe, and NV, iGB is the configured reserved CTU
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repetition slot number of the i-th CG in the 7-th subframe.
Equation (16a) indicates that all the CGs are constrained by
the spectrum resource, i.e., Noy is the total number of the
configured MCG CTUs in each 7-th subframe. Equation (16b)
is the flow forwarding resource constraint, which indicates
that the size of the total flows forwarded within each time slot
t should be no more than the maximum capacity per time slot
of each switch.

Equation (9) indicates that the counts of idle, singleton, and
collision CTUs determine the SINR for each device m, thereby
affecting the number of successfully transmitted flows per
subframe 7. In consequence, the total successfully transmitted
flow number in (16) depends on the sampling indicator of
each kind of CG. Moreover, (16a) and (16b) show that, to
transmit time-sensitive flow over the 5G-TSN network within
the deadline constraint successfully, the flow must satisfy a
series of requirements.

Since the BS does not fully know all the information of
the communication scenario, scheduling policies A, must
be optimized based on partial observation. As a result, a
flow’s state transition is uncertain due to other flows and the
varying environment, which is hard to solve within polynomial
time using traditional optimization methods [33], [34], [35].
Moreover, conventional gradient-based optimization tech-
niques are impractical because the search space expands as
the number of parameters increases. One promising solution
is the RL-based algorithm that can adapt to the dynamic
environment. However, since each CG in the BS has partial
observation from the environment, the CMA algorithm should
be used to address complex cooperative control problems in
the non-stationary environment [36]. Compared to traditional
RL-based CMA algorithms, i.e., CMA-DDQN, CMA-PPO
can reduce the complexity of hyperparameter tuning while
ensuring training stability [37].

V. PROPOSED COOPERATIVE MULTI-AGENT PROXIMAL
PoLicYy OPTIMIZATION APPROACH

In this section, we introduce a CMA-PPO based approach
to tackle the problem (16) by optimizing A,, which decom-
poses the selections in high-dimensional action space into
multiple parallel sub-tasks. Each CG in the BS can only
partially transmit flows and observe flow information at each
subframe 7, leading to suboptimal rewards. To solve this
problem, we propose a CMA approach where each CG
acts as an agent at the BS. These agents select appropriate
actions ¢ € A, based on the partial observation s €
S. The goal is to manage the deployment of each CG
effectively, thereby maximizing the successfully transmitted
time-sensitive data flows. At the beginning of each subframe
7, each agent of the CGs first observes the different CG’s
state which contains a set of previous state observations
O?ld = {s1,...,8-1}, i.e., the state information from
the first subframe to the 7 — 1-th subframe. Based on the
observation s, each agent chooses ar € A; and the envi-
ronment transits to a state sr4j1 and obtains reward 7]
as the feedback. Then, the PPO agent updates the policy
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function according to the reward to achieve the optimization
goal. Next, the proposed CMA-PPO-based algorithm’s action,
state, and reward design are specified. Finally, we detail the
proposed CMA-PPO approach and analyze its complexity and
adaptability.

A. States Design

The state is a representation of the current environmental
situation. The state of each subframe 7 is given by s; =
{Nge, Nse Ni¢, Nsue Nfaill The five parameters are given
by: the number of the collision CTUs, NS¢, the number of the
singleton CTUs, N:¢, the number of the idle CTUs, N}.C, the
number of flows that have been successfully decoded at the BS
and transmitted to the receiver under the deadline constraint,
NP, and the number of flows that have not been successfully
decoded at the BS or not transmitted to the receiver under the
deadline constraint, Nfaﬂ.

B. Actions Design

CGs of the MCG-GF-NOMA framework are config-
ured at each subframe 7 to access massive devices with
random flows. To improve the long-term number of suc-
cessfully transmitted time-sensitive flows, the BS cognizes
the CTU observation O?ld at each subframe 7. At each
step 7, the action of each i-th CG is expressed as al =
{NETYU(r), N8(7), N (1), NGB(1)}, where NCTU(r) is the
number of CTUs chosen as the i-th CG at subframe T,
N$(r) is the starting time slot in a subframe of i-th CG
at subframe 7, N (7) is the set number of the transmission
repetitions of the i-th CG at subframe 7, NZ-GB(T) is the
GB repetitions number of the i-th CG at subframe 7. The
training configured parameters can be revised by considering
the constraint in (16a). As shown in (16a), the CTU number
of each i-th CG is constrained by the spectrum resources, i.e.,
vach" Nl-CTU(T) = Ncry. In addition, each flow is con-
strained by Tg. Since extra GB retransmission only happens
when a flow exceeds T, the additional N iGB (7) number will
influence GB retransmission efficiency. However, considering
multiple CGs results in the increment of observation space,
exponentially increasing state space size, i.e., the number of
available actions corresponds to the possible combinations
of configurations |A;| = Hivch;(\j\flCTU(Tﬂ x [NE(T)] x
VT ()] < INEB (7).

C. Rewards Design

To maximize the number of successfully transmitted flows

under the constraints, we denote the reward 7,41 as
rre1 = N2, (17)

where N7 is the total number of flows that have been
successfully decoded and transmitted to the receiver under the
deadline constraint at subframe 7.

D. CMA-PPO Approach

The numerous actions and states will inevitably result
in considerable computational latency, greatly affecting the
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performance of RL algorithms. To address this issue, a central-
ized value function and a distributed policy function combined
framework is proposed, which can achieve distributed execu-
tion while obtaining the maximum reward.

The Actor network selects actions based on a policy 7;
meanwhile, another Critic network parameter 6 evaluates
the rewards of the chosen actions. The global rewards are
summed as

NcG Trame

=> > r(w We(i|8i)7

i=1 7=1

(18)

where w; represents the sequence of experiences for the i-th
CG agent engaging with the environment, which is retained
within the experience buffer. > "%m° 7p(al | s') represents
the probability of a sequence w; occurring. Within the con-
tinuous engagement between the agent and the environment,
the most recent reward holds greater significance compared
to past rewards. Consequently, a discounted reward r(w) =
> rframe ¢Tr js employed, where & denotes the discount factor.
To optimize the agent’s cumulative reward, the policy network
parameter 6 is iteratively adjusted via gradient descent, which
can be formulated as

Vi = Eymig(w) [Vlogﬁe(ai | 8;) Ag(sr, ar)]a (19)

where Ay refers to the advantage function, which is utilized
as a substitute for the reward. The advantage function could
guarantee a, as the best action in state s, when selecting by
7ig(ar | sr). We consider V(sr) to be the value function with
state sr, then, the advantage function is given by

Vi (s7).

Due to PPO’s on-policy approach, each agent we train
is similar to the agent cognizing the data samples. The
sampling method is crucial because it ensures that the adopted
sampling data can be reproduced consistently. We consider the
probability ratio between old policies 7y, and new policies
T is shown as

Ag(sryar) = Tg(ar|sr) — (20)

)= [Z 0L

7r901d(
Based on (21), (18) and (19) are rewritten as

X -Vfrg(ai | %)
Vrg == EUJNﬁ-GOId (w) mAeold(sT7 0/7-) ) (22)
and
[Vg(ar | s7)
) = B ) g o) sG] 2

The high variance between 7y and 7 ,, can substantially
reduce sample efficiency and disrupt the training process.
Thus, the Kullback-Leibler (KL) divergence employed to
measure the variability between two probability distributions
is written as

Dk, (7ol T,,4) =/

—00

too 7o(ar|s
o (ar5r) log — 22 15r)

ds;(24)
7T901d ( ar | ST)
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Meanwhile, to constrain the update of 6 within an accept-
able range, the objective function of PPO can be clipped by
clipping the parameter €, which is given by

L(o) = I@[min(uT(G)Agold(sT, ar),
clip(ur(0),1 — ¢, 1+ ¢€) A, (sr, ar))], (25)

where the clip function is designed to prevent huge pol-
icy updates, thereby alleviating the issue of catastrophic
performance loss. This clip fuction aims to eliminate incen-
tives for the new policy to deviate substantially from the
old policy. Consequently, if Ag  (sr,ar) > 0, ur(0) is
constrained to 1 + e. Otherwise, u(0) is clipped as 1 — e.

In the decentralized reward of CMA-PPO, each agent may
compete CTU resources with the others, adopting selfish
behaviors to obtain the highest reward, which can detrimen-
tally affect the overall performance. To transform such selfish
behaviors into cooperative ones, assigning global rewards
to the value networks of all agents can be effective. The
optimization objective of the value network with parameter ¢
is calculated as

Vi) = minE Y (Vi(sr) — 77 )

i

(26)

where 5; represent the global experience buffer storing expe-
rience of each CG i.

Additionally, the optimization objectives for the policy
network are defined by

7ip(al | ok) o
)= Be o AT 0 o)
@7)

where o’ is the local observation to interact with the environ-
ment of the i-th CG. w; represents the sequence of o, and
the parameters 6 of each agent is updated based on w;.

The details of the proposed CMA-PPO algorithm are shown
in Algorithm 4.

E. Complexity and Adaptability Analysis

Compared with the online training approach, the PPO
pre-training can be done offline in the BS, where most
computational tasks, such as policy estimation, are executed
with powerful computing ability. Thus, the complexity of the
PPO selection action is determined by the number of layers,
the sizes of input and output, and the size of the action space
[Ar| = TTSE (VT ()] < [N (7)< INF () x INEB (7)),
We define Ny;q as the number of hidden layer dimensions in
CMA-PPO, and the complexity of action selecting in CMA-
PPO is calculated as O(]Ar| x Npiq), which is of linear
level. Meanwhile, the CMA-PPO performs fast and stable
convergence in dynamic and unpredictable environments.

VI. SIMULATION EVALUATIONS

In this section, we show the effectiveness of the proposed
joint flow scheduling scheme under different settings over 5G-
TSN networks.
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Algorithm 4 CMA-PPO Aided Uplink MCG Configuration

1: Input: Episode time Tepisode, action space A, policy

parameters 6, value function parameters ¢, and the hyper-
parameter e.

2: Initialize the policy parameters 6, value function parame-
ters ¢, hyperparameter ¢, and the experience buffer B
for episode = 1 to Tepisode dO

Cognize the initial state S, and set reward r as 0
Initialize the actions of each CG i
for each step 7 do
Each agent i selects the action a® based on its local
state observation ol
8: Execute each action a}'., get new local state observa-
tion 0§+1, record (0%, al, OiH) in sequence of wj,
and store w; in B;

A A

9: for CG i do

10: Cognize the set of actions in the environment and
calculate the reward 7 (6)

11: Estimate advantage function Aé based on the
current value function V(;

12: Calculate policy update 6° based on the clip
function

13: Store (s, s, |, al, #t) in replay buffer

14: Fit value function by taking V(; (¢) via gradient
descent algorithm.

15: end for

16:  end for

17: end for

A. Simulation Setups

For our simulation, we consider a 5G-TSN uplink network
with a circular area having a radius d,, = 1 km, a BS located
at the center, and M devices randomly located within the
cell. All performance results are evaluated by averaging over
1000 subframes. The detailed list of additional parameters used
can be found in Table III. We display our simulation results
of MCG configuration in the proposed GB-enhanced MCG-
GF-NOMA framework compared with the MCG-GF-NOMA
framework on the 5G side network. Moreover, we compare
the proposed AoS-enhanced CQF scheduling with the CQF
scheduling.

1) 5G-TSN Network Setups: In the 5G side, the mini-slots
of Nsys = 7 OFDM symbols are utilized for transmissions
with 60 kHz (p = 2) sub-carrier space, which follows the
main guidelines for 5G NR performance evaluations presented
in [38]. We set the RB number as 4, and the CTU number
as 64. During GF and GB stages, devices access the BS with
random access and GB manner, respectively. The transmitting
power of each device is set as 23 dBm. And in each stage,
the BS decodes with SIC decoding. For the successful SIC
decoding, the SINR threshold is set as —3 dB.

In the TSN side, a TSN network with directed graph topol-
ogy is established, which contains 7 switches. Meanwhile, a
TSN gateway is set in the BS. The forwarding queue length
of each switch is set as 3, and we assume there is no cache
in each switch.
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TABLE III
SIMULATION PARAMETERS

Parameter Value
The number of devices M 10000,50000
Wireless bandwidth of subcarrier 60 kHz
The number of RBs 4
The number of CTUs 64
The transmitting power of each device P 23 dBm
Noise power No -132 dBm
Path-loss parameter 7 4
Distance to the BS d 0-1000 m
Numerology factor p 2
Slot number in a subframe 8
Subframe duration 1 ms
SINR decoding threshold ~y¢, -3 dB
The set of start offset {1, 2, 3, 4}
Learning rate 0.001
Discount factor & 0.9
PPO clip parameter € 0.1
Switch flow number capacity Qjize 3
Subframe length in a episode Ty 1000
Deadline of emergency stop flow 1 ms
Deadline of closed-loop control flow 2 ms
Deadline of level alarm flow 5 ms

2) Flow Setups: In the IIoT scenarios, massive flows are
generated according to aperiodic inter-arrival processes over
the TTIs, which have Markov properties. To simulate the
bursty flow process, we adopt the Beta and the Poisson
distribution arrival processes to model the flow arrival intensity
according to the flow model defined in 3GPP [21], [39].

When the flows follow a Beta distribution, the active devices
could only transmit with the CG with the closest starting offset,
then the flows could be divided into different CGs to transmit,
and the period of each CG i is defined as the period from 7;_1
to 7;. The flows generated during (7;_1,7;) are configured to
transmit in CG i. The flow instantaneous rate in subframe 7
is given by

7—Olil(Tsub - 7)571
TP 1Beta(a, B)

sub

p(r) = (28)

where T}, is the total subframe number of the bursty flows
and Beta(a, §) = fol 7911 —7)#~1dr is the Beta functions
with the constant parameters « and 3. Then, the flow’s arrival
rate in the i-th CG period is given by

i
Bi= [ plrar
Ti—1

(29)

where (7;_1,7;) represents the duration during which the
flows configured in CG i are generated.

When the flow follows the Poisson distribution [40], we
consider the actual number of active devices in subframe 7
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as Nr. The probability density function that j devices are active
in subframe 7 is given by

(30)

where w is the mean value of each subframe 7, which can
be calculated as w = Z;ioj Pr(N; = j), i.e., when 10000
devices attempt to access the BS in 1000 subframes with the
Poisson distribution, the w is set as 10 at each subframe 7.
The e is the natural constant.

The arrival flow distributions are shown in Fig. 5. We set the
Beta distribution parameters as o« = 3 and 5 = 4. Meanwhile,
we configure the device numbers for both the light and heavy
access scenarios to 10000 and 50000 devices. To better eval-
uate the performance in the IIoT scenarios, we simulate three
types of time-sensitive aperiodic flows, as in [41], including
close-loop control, emergency stop, and level alarm. The three
types of aperiodic flows have different latency requirements
specified in Table III. Specifically, close-loop control is the
main aperiodic flow transmitted for network control, while
emergency stop have a higher latency requirement than level
alarm.

B. Simulation Results

In this part, we first evaluate the priority of the proposed
GB-enhanced MCG-GF-NOMA framework in the 5G side and
then verify the number of successfully transmitted flows in
the 5G-TSN network. To better evaluate the proposed AoS-
enhanced CQF scheduling with different numbers of injected
flows in TSN, we assess the TSN side transmission with
varying numbers of time-sensitive flows. Finally, we simulate
the coverage performance of the proposed MCG-GF-NOMA
framework aided by the CMA-PPO in light and heavy access
scenarios.

In Fig. 6, we show how the number of successfully trans-
mitted flows in the 5G side changes as the subframe index
varies with Beta distribution in light and heavy access sce-
narios. From Fig. 6(a), we observe that the GB-enhanced
MCG-GF-NOMA framework can improve the number of
successfully transmitted flows by 13.71% and 18.29% at the
flow peak, compared to the MCG-GF-NOMA and SCG-GF-
NOMA frameworks in the light access scenario, respectively.
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Fig. 7. Number of successfully transmitted flows with Poisson distribution
in 5G side.

Meanwhile, Fig. 6(b) shows that the GB-enhanced MCG-GF-
NOMA framework can improve the number of successfully
transmitted flows by more than about one and six times at the
flow peak, compared to the MCG-GF-NOMA and SCG-GF-
NOMA frameworks in the heavy access scenario, respectively.
This is because the proposed MCG-GF-NOMA framework can
retransmit the flows that failed to be transmitted in the previous
subframe without exceeding the deadline, and the GB manner
during retransmission can avoid collision, thus improving the
number of successfully transmitted flows, especially when the
number of flows increases.

In Fig. 7, we show how the number of successfully trans-
mitted flows in the 5G side changes as the subframe index
varies with the Poisson distribution in light and heavy access
scenarios. From Fig. 7(a), we can see that the proposed
MCG-GF-NOMA framework can improve the overall number
of successfully transmitted flows up to 8.68% and 12.97%
compared to the MCG-GF-NOMA and SCG-GF-NOMA
frameworks for all the subframes in the light access scenario,
respectively. On the other hand, Fig. 7(b) shows that the
proposed MCG-GF-NOMA framework can improve the over-
all number of successfully transmitted flows significantly up
to 40.13% and 88.06% compared with the MCG-GF-NOMA
and SCG-GF-NOMA frameworks for all the subframes in the
heavy access scenario, respectively.

In Fig. 8, we show how the number of successfully trans-
mitted flows varies over the 5G-TSN network with Beta
and Poisson distributions in light and heavy access sce-
narios. From Fig. 8, we can see that compared with the
GB-enhanced MCG-GF-NOMA and MCG-GF-NOMA frame-
works, the SCG-GF-NOMA framework has a low efficiency
in transmitting time-sensitive flows over the SG-TSN network
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Fig. 9. Number of successfully transmitted flows with different numbers of
injected flows.

in both light and heavy access scenarios. This is because
transmitting flows with the SCG-GF-NOMA framework can
lead to larger latency, i.e., the flows have to start transmitting
in another subframe instead of transmitting in another CG of
the same subframe with a different start offset. Meanwhile, we
can see that the GB-enhanced MCG-GF-NOMA framework
increases the number of successfully transmitted flows up
to 24.02% compared with the MCG-GF-NOMA framework,
especially with the Poisson distribution scenario. This is due
to the fact that the proposed MCG-GF-NOMA framework can
retransmit the flows with collision, which are more common
in the Poisson distribution scenario. However, the proposed
AoS-enhanced CQF scheduling exhibits substantial advantages
compared to the CQF scheduling. The reason is that the
limitations of the current 5G side spectrum transmission
ability, the number of flows injected into the TSN has not
reached the switch’s forwarding capacity to prove the strength
of the AoS-enhanced CQF scheduling. This result only proves
the superiority of the proposed MCG-GF-NOMA framework.
Hence, we will vary the number of the TSN-side injected
flows to show the advantage of the AoS-enhanced CQF
scheduling.

In Fig. 9, we demonstrate how the number of successfully
transmitted flows changes as the number of injected flows
varies. Fig. 9(a) demonstrates the number of successfully
transmitted flows in closed-loop control and level alarm
scenario. From Fig. 9(a), we can see that the AoS-enhanced
CQF and CQF schedulings transmit nearly the same flow
numbers in both scenarios. At the same time, in emergency
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stop and closed-loop control scenario, Fig. 9(b) shows that
the AoS-enhanced CQF scheduling can significantly improve
the number of successfully transmitted flows with Beta dis-
tribution and Poisson distribution by 82.22% and 70.29%,
respectively, compared with the CQF scheduling as injected
flow number increases. This is due to that the AoS-enhanced
CQF scheduling can discard flows exceeding the deadline
constraints, guaranteeing that the flows injected into the TSN
network can be transmitted to the receiver within the deadline
constraints.

In Fig. 10, we demonstrate how the average latency and
effective utilization rate vary with different numbers of
injected flows. Fig. 10(a) compares the average latency in
closed-loop control and level alarm scenario as the number
of injected flows varies. The average latencies of the AoS-
enhanced CQF and CQF schedulings are nearly identical
in both Beta and Poisson distributions. However, Fig. 10(b)
shows that, compared with the CQF scheduling, the AoS-
enhanced CQF scheduling can decrease the transmission
latency. Fig. 10(c) illustrates that the effective utilization
rates of the AoS-enhanced CQF and CQF schedulings for
forwarding resources, at the TSN side, with various numbers
of injected flows, are almost the same in the closed-loop
control and level alarm scenario. Fig. 10(d) shows that the
AoS-enhanced CQF scheduling can improve the TSN side
effective utilization rate in emergency stop and closed-loop
control scenario services by up to 50% compared with the
CQF scheduling. This stems from the fact that the proposed
AoS-enhanced CQF scheduling can discard flows that exceed
deadline constraints, thus reducing the average latency and
improving the effective utilization rate.

In Fig. 11 and Fig. 12, we show the convergence
performance of the CMA-PPO algorithm aided GB-enhanced
MCG-GF-NOMA framework over the 5G-TSN network. We
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compare it with the CMA-DDQN algorithm aided MCG-GF-
NOMA framework in both light and heavy access scenarios
with Beta distribution and Poisson distribution. In the TSN
network, we deploy AoS-enhanced CQF policy to forward
flows. Fig. 11 and Fig. 12 show that the CMA-PPO algorithm
aided GB-enhanced MCG-GF-NOMA framework can achieve
more successfully transmitted flows over the 5G-TSN network,
Meanwhile, the manifestation is even more pronounced in
the heavy access scenario. From both Fig. 11 and Fig. 12,
we can observe that the proposed algorithm converges faster
than the CMA-DDQN aided MCG-GF-NOMA algorithm. This
is because the proposed CMA-PPO algorithm can adjust the
learning rate at each iteration to speed up the convergence.
Moreover, the CMA-PPO algorithm can achieve a greater
reward than that of the CMA-DDQN algorithm when the
algorithm converges. This is due to the fact that the proposed
algorithm can improve the total reward by decreasing the
learning rate when the updated policy approximates the local
optimal solution.

VII. CONCLUSION

In this paper, we have proposed a novel joint flow schedul-
ing scheme for the 5G-TSN uplink network to improve
the number of successfully transmitted flows. In the 5G
side network, we have designed a novel MCG-GF-NOMA
framework. Meanwhile, we introduced an AoS-enhanced CQF
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scheduling in the TSN side network. Then, we have formu-
lated an optimization problem based on the 5G-TSN system,
aiming to maximize the number of successfully transmitted
flows under different IIoT scenarios and deadline constraints.
Next, we have proposed the CMA-PPO algorithm to solve
the optimization problem by controlling the MCG configu-
ration with cognitive information of flows. The simulation
results have evidently shown that the proposed joint flow
scheduling scheme aided by the CMA-PPO algorithm signifi-
cantly improves the number of successfully transmitted flows
compared with the MCG-GF-NOMA aided by the CMA-
DDQN algorithm and the SCG-GF-NOMA. Future work could
explore the integration of this framework with emerging 6G
technologies and investigate its applicability in other time-
sensitive transmission scenarios.
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