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ABSTRACT: Some critical applications of emergency, Active Safe Driving (ASD), eV2X, and LEO communications
require ultra-low delay and highly reliable transmission according to beyond 5G-Advanced (5G-A), 6G, and LEO spec-
ifications. Related studies proposed various scheduling algorithms in terms of single and multiple QoS requirements.
However, these approaches tend to prioritize traditional QoS requirements while neglecting crucial considerations such
as bearer costs and associated benefits. Moreover, most scheduling neglects the carrying cost according to the radio
resource state and the bringing reward from different types of flows. Thus, this paper proposes a novel cost-based flow
scheduling (eSCFS) framework that utilizes an extended sigmoid function to dynamically prioritize flows, taking into
account all relevant key factors. The principal objective is to reduce latency while optimizing the utilization of radio
RB and maximizing the net benefits of 5G-A NR networks. The eSCFS method has been validated through numerical
simulations, which demonstrated superior key performance metrics, including network latency, resource utilization,
and overall profitability. Consequently, several objectives are thus achieved: 1) analyzing the QoS requirements of
various services within limited radio resources, 2) proposing a novel vRB state-dependent dynamic flow scheduling
and adaptive virtual radio RB management to maximize network performance.
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1 Introduction
This section begins by delineating the prevailing trends and pivotal technical specifications of 5G-A/5G

cellular networks. It then proceeds to examine sever related research works, including flexible frequency
numerology mechanisms, BWP technology [1], and flow scheduling in 5G-A NR [2,3]. Finally, this paper
investigates the pivotal challenges of RB resource allocation in 5G-A NR and provides a concise overview of
the research motivations, objectives, and contributions.

1.1 5G-A/6G Network Trends and Key Standards
5G/5G-A cellular networks extensively deploy and achieve commercialization of communications for

different types of flows [2–6]. Concurrently, many substantial research, technologies, and applications based
on 5G, 5G-A, and 6G communications are emerging [7–10]. The key technologies involved include MEC,
LEO EC [11], Vehicular/LEO Edge/5G-A EC/Cloud Computing (VEC/LEO EC/5G-A EC/VCC) [12,13],
SDVN [14,15], NFV [16–18] and vRAN slicing [19–21], flow forwarding and flow steering [18], cooperative

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/CMES
https://www.techscience.com/
https://doi.org/10.32604/cmes.2026.077118
https://www.techscience.com/doi/10.32604/cmes.2026.077118
mailto:benjyechang@gmail.com
mailto:changb@yuntech.edu.tw


2 Comput Model Eng Sci. 2026;147(1):44

AI networking [22], etc. MEC, LEO EC, and VEC offer a decentralized and distributed service environment
characterized by lower delay and higher-speed access. By offloading computationally intensive and latency-
sensitive tasks to 5G-A EC, LEO EC, or VEC servers, the execution latency of tasks is certainly reduced, and
resource utilization is thus enhanced [23,24]. SDVN provides local eV2X services utilizing SDN [25] and
VEC technologies, enabling flexible adaptive allocation and management of network resources. In vehicular
service applications, it effectively reduces latency, enhances resource utilization, offloads computational
tasks, and strengthens the QoS of eV2X applications [26]. In addition to meeting the technical capabilities
discussed above, 5G-A classifies service traffic into three representative categories: uRLLC, eMBB, and
mMTC. The eMBB category supports bandwidth-intensive applications, including ultra-HD media services,
immersive VR/AR experiences, and cloud-assisted computing platforms. The uRLLC class targets mission-
critical operations by providing extremely tighter latency bounds together with improved reliability, enabling
functionalities such as Active Safe Driving (ASD), enhanced V2X communication, remote medical proce-
dures, and emergency-response services. Meanwhile, mMTC is designed for large populations of devices,
e.g., for IoT transmissions, requiring low device cost, low power consumption, low data rate, etc.

Typically, NFV is regarded as a pivotal technology for effective resource allocation in 5G/5G-A network-
ing. Technologies such as EC, SDN, NFV, SFC [12], and Flow Steering can facilitate more efficient, flexible,
and reliable network management. In 5G/5G-A, the integration of SDN, flow steering, and MEC/VCC can
facilitate the realization of low-latency transmission, flexible configuration, and resource optimization. SDN
enables rapid data transmission by dynamically selecting optimal paths and adapting network configurations
in real-time. MEC obviously reduces transmission delay and improves response time by using the EC
capabilities. AI is employed in flow steering to predictively optimize resource allocation and frequency
spectrum utilization.

Furthermore, 5G/5G-A and 6G networks have the capabilities to effectively address critical issues
and limitations of traditional networks, extending the fundamental functionalities of 5G-A/6G to Non-
Terrestrial Networking (NTN) satellite communications. 5G-A/6G specifies urgently flowing technologies,
including flow control and forwarding, collaborative artificial intelligence (AI) systems, and LEO satellite
communications. These networks leverage AI and ML together with NTN LEO satellite communications.
5G-A/6G systems act as global radio access infrastructures, supporting diverse 5G-A/6G NR traffic offloading
and computational operations [27]. Furthermore, for eV2X applications, AI-enabled 5G-A/6G networks
can deliver the required ultra-high reliability and ultra-low latency [12,28], enhancing flow management
efficiency while supporting robust communication under stringent QoS constraints.

Within the technical specifications of 3GPP Release 17, the Rel. 17-ts documents introduce mechanisms
that govern the allocation of wireless RBs to satisfy a wide range of QoS KPI targets, as summarized in Table 1.
In the 5G NR system, the numerology design incorporating multiple SCS configurations plays a central role
in enabling these capabilities [2,3,29]. Specifically, Rel. 17-ts specifies seven SCS numerology options, denoted
by μ ∈ {0, 1, . . . , 6}, where each option corresponds to a subcarrier spacing of 15 kHz ⋅ 2μ and an associated
slot time duration of 2−μ (ms). Selection of an appropriate SCS is guided by the specific requirements and
characteristics of each application scenario, ensuring that system performance aligns with service objectives.
For instance, for mMTC applications that are not highly sensitive to latency, SCS modes μ = 0 or 1 provide
latencies of 2−0 (ms) or 2−1 (ms). In contrast, SCS mode μ = 6 provides a minimum access latency of
2−6 (ms), which is well-suited for emergency communications requiring ultra-low latency.
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Table 1: Key performance attributes examined for 5G, 5G-A, and 6G.

5G/B5G/6G KPIs 5G 5G-A/6G Scenarios
Max. Frequency 90 GHz 10 THz eMBB
Peak data rate 10 Gbps 1 Tbps eMBB

End-to-end latency 10 ms 1 ms Enhance uRLLC
Control Plane (CP) latency 20 ms 20 ms Enhance uRLLC

User Plane (UP) latency eMBB: 4 ms 0.025 to 1 ms eMBB, Enhance uRLLCuRLLC: 1 ms

Reliability about 99.9% 99.999% Enhance uRLLC
Mobility 500 km/h 700 to 1000 km/h eMBB, Mobility

Connection density 106 devices/km2 107 devices/km2 mMTC (or mIoT)
Coverage Local coverage Global coverage LEO satellite

The integration of the technologies provides efficient network and resource management for 5G-A/6G,
enhancing UE QoS and QoE, and satisfying the urgent QoS requirements of future mobile networks [30,31],
as well as the diverse needs of various applications. The QoS KPIs for 5G-A/6G are fundamentally cor-
respondent to those of 5G/5G-A. Table 1 provides a comparative overview of the KPIs between 5G and
5G-A/6G [30–32].

1.2 Related Studies of BWP and Frequency Numerology Key Technologies in 5G/5G-A NR
In 5G/5G-A NR networks, multiple numerology-based SCS configurations, together with configurable

bandwidth parts structured under network slicing principles, have been deployed to accommodate a wide
range of service requirements. This approach allows differentiated treatment for diverse traffic types, such as
uRLLC and eMBB applications, while ensuring efficient utilization of radio resources. 3GPP Rel. 19 extends
numerology and BWP to 5G-A and 6G [5,29]. The primary parameters of frequency numerology include
the SCS in the frequency domain and the cyclic prefix length in the time domain. Different SCS modes can
be chosen among 15 ⋅ 2μ (kHz). Similarly, the selected frequency numerology determines the slot-time per
subframe as 1/2μ (ms), with the number of slots being 2μ . Parameters related to numerology SCS modes
are shown in Table 2 [6,29]. Studies in [32–35] have demonstrated that utilizing flexible, different frequency
numerologies brings the advantage of meeting diverse application and service requirements. Reference [32]
concerns an in-depth analysis of various 5G-A NR configurations (e.g., SCS modes, MCS, scheduling
methods) and traffic characteristics, bandwidth, and other system-related parameters. Reference [32] aims
to perform a quantitative analysis of end-to-end latency. In [33,34], the Cost/Reward functions with static
parameters are considered. Reference [35] concerns an end-to-end (E2E) latency analysis model applicable to
5G V2X scenarios. However, the disadvantages include Mutual eXclusion (MX) [36–39] in vRB allocations,
where the same numerology cannot be shared simultaneously under specific SCS and slot time. Additionally,
selecting different numerologies results in varying available vRB counts across SCS modes. These issues
significantly reduce RB utilization in 5G, 5G-A/6G radio networks, thus impacting spectrum efficiency.
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Table 2: Selected NR numerology parameters utilized by BWP.

Frequency
(f )

Numerology
(μ)

Time Slots
(1 ms) SCS (kHz) Slot-Length

(ms)
SC per

pRB
Symbols
per Slot

1 pRB
(SC)

Max.
pRB

FR1
0 1 15 × 20 (15) 20 (1) 12 14 180 kHz 270
1 2 15 × 21 (30) 2−1 (0.5) 12 14 360 kHz 273
2 4 15 × 22 (60) 2−2 (0.25) 12 14 720 kHz 135

FR2
2 4 15 × 22 (60) 2−2 (0.25) 12 14 720 kHz 264
3 8 15 × 23 (120) 2−3 (0.125) 12 14 1440 kHz 264
4 16 15 × 24 (240) 2−4 (0.0625) 12 14 2880 kHz 138

NR BWP based on frequency numerology is a key technology for achieving RAN slicing. BWP
provides multiple independent coexistent services, each composed of several consecutive physical Resource
Blocks (pRBs), as shown in Fig. 1a. NR allows three relationships between BWPs; Fig. 1b shows (Type 1)
discontinuous BWP, where although NR BWPs can be discontinuous, pRBs must remain consecutive; Fig. 1c
shows (Type 2) continuous BWP; and Fig. 1d shows (Type 3) multiple BWPs configured in specific frequency
regions with overlapping coverage areas. It should be noted that only a single BWP can be active at any
given instant. To enhance energy efficiency, reference [40] introduced a dynamic allocation mechanism that
switches among different BWP sizes. In [38], two methodologies were proposed to alleviate interference
caused by mixed numerology usage. Additionally, reference [39] examined the joint optimization of NR BWP
configuration and SCS mode selection to improve resource utilization. In NR, the system can dynamically
switch between FR1 and FR2 frequency bands, enabling data rates that are tailored to the performance
requirements specified by the QoS of each traffic class.

In BWP selection [1], UEs determine which BWP set to use according to service requirements,
transmitting data in either uplink or downlink. BWP switching is for UEs requiring different SCS modes.
BWP switching parameters, e.g., the bwp-Inactivity Timer, among different SCS modes is set by DCI, where
DCI Format 0 for UL scheduling and DCI Format 1 for DL scheduling, as well as Radio Resource Control
(RRC) signaling. The primary advantage of using flexible BWP is to meet diverse application QoS. However,
it definitely exhibits some disadvantages: 1) overlapping BWPs allow only one BWP to be allocated at the
same time; 2) BWP switching results in mode-switching latency; and 3) reduces system throughput [7,13].
The main reason causes above disadvantages is that BWP configurations adopt a statically fixed number of
consecutive pRBs (e.g., Config 1 and Config 2’s RBG sizes), and thus lead to highly fragmental of available
free RBs and high RB allocation failure rates.

Implementing BWP using NR numerology presents several key challenges, including: 1) addressing
RB MX conflicts inherent in 5G/5G-A frequency numerology, 2) handling dynamically arriving traffic with
heterogeneous flow categories that require distinct SCS numerology modes, 3) optimizing the allocation
efficiency of radio RBs across multiple SCS settings, 4) effectively managing and scheduling different
traffic queues, and 5) maximizing RB usage within BWP while minimizing fragmentation of contiguous
available RBs.
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Figure 1: Illustration of BWP types and configurations in 5G-A NR as specified by 3GPP: (a) based on both frequency
numerology and RBs considerations. (b) Type 1: discontinuous BWP, (c) Type 2: continuous BWP, and (d) Type 3: mixed
use of different BWPs [Note that only one BWP1 (Slicing 1) or BWP3 (Slicing 3) can be used simultaneously.].

1.3 Research on Flow-Based Queueing Scheduling
In the domains of 5G-A and 6G wireless communications, the primary objective of the NR flow schedul-

ing mechanism is to efficiently schedule and manage diverse traffic types of various application services.
The core mechanism of flow scheduling is to dynamically differentiate the prioritization of flow packet
processing according to single or multiple metrics, e.g., flow priority, data rate, delay, and QoS requirements
of different traffic types for various applications. For instance, eMBB focuses on maximizing the utilization
of wireless frequency resources. In contrast, for time-sensitive emergency communications and uRLLC
applications, the emphasis is on reducing communication latency and guaranteeing high-reliability solutions.
Additionally, NR flow scheduling enhances the utilization of wireless frequency resources through flexible
allocation strategies. An efficient scheduling algorithm not only supports diverse application demands but
also effectively guarantees radio resources to meet the QoS requirements of different flow types for various
services. However, although most scheduling approaches concern multiple QoS requirements, such as packet
loss, latency, and jitter, they neglect important factors: the carrying cost required by the network providers,
the bringing rewards from diverse types of flows, and the optimization of radio resource utilization.

Furthermore, several representative scheduling strategies are summarized, including multi-QoS-
oriented approaches (e.g., NR flexible scheduling [20]), weighted techniques (such as WFQ [41,42] and
WRR [43]), priority-based methods (e.g., PQ [44,45]), and fairness-driven strategies (e.g., RR [46,47] and
best channel selection [48]). While these schemes allow adaptive packet management according to single or
multiple 5G-A QoS rules, they face several limitations. Typical drawbacks include: 1) challenges in simul-
taneously fulfilling complementary and non-complementary QoS requirements; 2) insufficient coverage of
diverse flow service demands in B5G/6G networks; 3) neglect of net profit, reward, and operational cost of the
network. A comparative classification and analysis of these flow scheduling strategies is provided in Table 3.
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Table 3: Classification according to scheduling algorithms, performance and application.

Methods Scheduling Throughput Latency Pkt Loss Fairness eMergency uRLLC eMBB mMTC
[20] BWP+Slicing ✓ ✓ ✓ ✓ ✓

[22] BWP+DRL ✓ ✓ ✓ ✓ ✓

[41] EWFQ/LC ✓ ✓ ✓ ✓ ✓

[42] Delay Weight
Ratio+Priority ✓ ✓ ✓ ✓

[43] WRR+Priority ✓ ✓ ✓ ✓ ✓

[44] Priority based ✓ ✓ ✓ ✓ ✓

[45] Priority based ✓ ✓ ✓ ✓

[46] PF+BestCQI+RR ✓ ✓ ✓ ✓ ✓

[48] Greedy+RR ✓ ✓ ✓ ✓

[49] BestCQI ✓ ✓ ✓ ✓ ✓

1.4 Research on Flow-Based Queueing Scheduling
Several critical challenges and issues need to be efficiently addressed, as depicted below.

1. An effective adaptive scheduling method is required that simultaneously considers the fluctuating RB
resource states across different frequency numerologies and meets the QoS requirements of various
traffic types.

2. Research is needed on how to optimize resource allocation using the diverse characteristics of SCS
modes under limited wireless RB resources to support various 5QI services.

3. An analysis based on a cost-reward algorithm is conducted to maximize the net profit and total reward
of the network system while minimizing carrying costs, taking into account UE flow QoS requirements
and the current RB resource states.

Thus, we propose an extended Sigmoid-based Cost-based Flow Scheduling (eSCFS) algorithm to
achieve dynamic priority-based decision-making, primarily considering RB resource state in flow schedul-
ing, extended from [33,34] with static function parameters. However, in this work, we propose the
exponential-based Cost function and the adaptive Sigmoid function with dynamic parameter settings.

The main contributions include:

1. Proposing the eSCFS approach to fulfill a fully dynamic cost function and adaptive RB reward function,
considering another dynamic function and dynamic MCS state.

2. Prioritizing flow packet scheduling according to the net-profit, the carrying cost (derived from the vRB
state), and the bringing rewards (derived from the incoming priority of flow) in 5G/5G-A NR.

3. Maximizing RB utilization, reward, and net-profit; minimizing cost, queue delay, and flow packet
loss probability.

The remainder of this paper is structured as follows. Section 2 presents the network model, detailing
flow queues and wireless RB allocation across different types under 5G/5G-A NR frequency configura-
tions. Section 3 provides a detailed description of the proposed eSCFS method, followed by numerical
evaluations in Section 4. Finally, Section 5 concludes the paper and discusses potential directions for
future research.

2 Network Model
First, the 5G/5G-A NR cellular communication network model based on flexible frequency numerology

and BWP is described. Fig. 2 shows the 5G-A/6G NR network model for TN and NTN based on flexible



Comput Model Eng Sci. 2026;147(1):44 7

NR frequency numerology and BWP. 6G NTN-LEO networks provide edge computing and communication
services in diverse scenarios, where 5G-A/6G TN experiences communication service outages and inade-
quate signal coverage. NR establishes various network queues to support different priority traffic k for diverse
application services. The NR scheduler (e.g., RR/PF scheduler) manages the allocation and management
of RB resources for different QoS-based flows. The scheduler systematically adjusts and allocates available
resources based on the priority of various QoS requirements. Fig. 2 provides simple examples illustrating
slicing-based end-to-end SFC flow traffic for different priority application services, depicted by dashed lines
in different colors, with time-sensitive emergency flows highlighted in red. When emergency flow traffic
packets reach the flow queue, they are scheduled within the 5G/5G-A gNB. Ultimately, due to the lower
latency demands of emergency slices, this flow is dynamically directed to the MEC target server via SFC.

Figure 2: 5G/5G-A/6G slicing network model with flexible NR numerology, flow traffic queues, and RB resource
management strategies.

This paper defines five vRB states, as shown in Table 4. The vRB states encompass available, allocated,
and reserved. Additionally, there exists a blocked state arising from various μ MX responses in SCS mode
under shared bandwidth policies. The pre-allocated state denotes resources that have been allocated in
advance, though the corresponding flow has not yet commenced, with potential for state transition.

Table 4: Definition of vRB state indexes.

RB State Pre-allocated Allocated Available Blocked Reserved
ID 2 1 0 −1 −2
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Finally, the key notations employed in this paper are listed in Table 5.

Table 5: List of useful notations.

Symbol Descriptions
BWPμ The BWP of type μ flow

Cμ The function of the cost
N

OPT Flow queue of type μ with highest positive net profit for scheduling
QSμ ,k A UE with priority class k utilizing SCS mode μ in the scheduling process of its flow queue.

Uμ Number of occupied vRBs (allocated or blocked)
dμ The μ flow type delay boundary

△ fμ ,vrb The bandwidth of an RB
k = 1, 2, . . . K Traffic flow class k, with k = 1 highest and k = K lowest priority.

qμ Total available RBs for μ-type flow within its delay constraint.
s f id

μ ,vrb The vRB’s designated subcarrier position in frequency.
s f id

μ , prb The pRB’s assigned subcarrier location in the spectrum.
T Duration of the physical-layer frame.

tsid
μ ,t Slot-level temporal index.
t The slot index corresponding to a specific subframe. (time slot)

ti→i+r Time interval from t to t + r
vRBstate

μ ,t f ,ts ,k State of vRB in SCS mode μ at slot ts and sub-carrier s f for μ-type flow
vRBID

μ vRB Index (ID) for type μ flow
Γμ , i ,k (⋅) Reward function for a priority UE in SCS mode μ

Φμ Parameter for vertical rate of change in the reward curve
α, β Pareto distribution parameters for traffic generation

μ SCS mode representing frequency numerology
δμ The gradient rate of type μ flow
ημ Weighting factor of type μ flow
ρμ Turning point of type μ flow
ωμ PI for the flow μ type

3 The Proposed eSCFS Approach
This section depicts the proposed dynamic flow scheduling solution implemented in a virtualized

5G-A/6G NR and the eSCFS, as shown in Fig. 3. This approach efficiently addresses the 3GPP static and
pre-configured RB allocation specification, and achieves the optimization for flow scheduling and wireless
RB resource allocation in 5G-A/5G NR. This requires maximizing the utilization of radio bearers (RBs) and
minimizing delays and loss opportunities for flows with the highest priority traffic. It is worth noting that
the eSCFS method considers the RB status of radio resources, thereby facilitating the dynamic allocation of
flow scheduling priorities.

Through the eSCFS method, the uplink incoming queue receives different types of data packets from
various UEs in 5G-A NR. Subsequently, NR determines the processing order of data packets based on the
specific 5-tuple flow ID (i.e., L3 IP addresses and L4 Transport ports of source and destination, respectively,
and Flow Type). The eSCFS approach prioritizes packets with the highest net-benefit.
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Figure 3: The approach model of the proposed eSCFS for the 5G/5G-A NR.

3.1 Optimal Problem Definition and Constraints
Initially, to achieve the proposed net-profit-based scheduling algorithm for multiple-queue for different

types of flows in 5G-A, we define the scheduling algorithm as an optimal problem, in which the scheduler
determines and schedules the flow packet of the Head of Line (HoL) of a flow queue that results in the
largest net-profit. At the same time, for guaranteeing the QoS of flow packets according to the required
QoS KPI specified in 3GPP 5G-A [30] for diverse types of flows. Several QoS constraints are limited,
including maximum packet delay (denoted as dμ ,max), maximum packet loss probability (denoted as pl oss

μ ,max),
minimum, average, and maximum data rate (denoted as rμ ,max, rμ ,avg and rμ ,min), the carrying cost (CHoL

μ )
and the bringing reward (ΓHoL

μ ). As a result, the optimal problem for the net-profit scheduling algorithm is
defined as follows.

Packet∗μ ← arg max
∀μ
{BHoL

μ = ΓHoL
μ − CHoL

μ } , (1)

s.t.,

C1∶Ak ,μ ,m =
⎧⎪⎪⎨⎪⎪⎩

1, if (dHoL
μ ,m ≤ dμ ,max&&pHoL , l oss

μ ,m ≤ pl oss
μ ,max&&qvRB

μ > bHoL ,vRB
μ )

0, else if (dHoL
μ ,m > dμ ,max∣∣pHoL , l oss

μ ,m > pl oss
μ ,max)

⎫⎪⎪⎬⎪⎪⎭
C2∶ ΓHoL

μ > CHoL
μ and ΓHoL

μ − CHoL
μ > 0

C3∶ 0.0 ≤ CHoL
μ ≤ 1.0

C4∶ 0.0 ≤ ΓHoL
μ ≤ 1.0. (2)

In Eq. (2), for Constraint 1 (C1), for the HoL packet (originating from UE m) of type μ flow queue, if the
delay (dHoL

μ ,m ) is less than the maximum KPI packet delay (dμ ,max); the loss probability (pHoL , l oss
μ ,m ) is less than

the maximum KPI packet loss probability (pl oss
μ ,max); and the vRB state (bHoL ,vRB

μ ) is smaller than the total vRB
capacity (qvRB

μ ), Aμ ,m is set to 1 (i.e., the HoL packet satisfies the required QoS constraints of C1). Otherwise,
Aμ ,m is set to 0.
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For Constraint 2 (C2), the bringing reward (ΓHoL
μ ) of the corresponding HoL packet should exceed the

carrying cost (CHoL
μ ) and the net-profit should be positive (i.e., ΓHoL

μ − CHoL
μ > 0). For Constraint 3 (C3), the

value of the carrying cost (CHoL
μ ) should range to [0, 1]. For Constraint 4 (C4), the value of the bringing

reward (ΓHoL
μ ) should range to [0, 1].

3.2 Dynamic Exponential Cost Function, Cμ (⋅)

In the extant literature on flow queue scheduling, authors consistently prioritize developing scheduling
solutions tailored to specific performance indicators, such as maximizing data rate and reliability, and
minimizing delay and loss, while largely overlooking the status of radio RB resources. To facilitate subsequent
processing and transmission, this article proposes the utilization of an exponential cost function, which
is predominantly employed for determining carrying costs. This function primarily considers two pivotal
parameters: 1) Based on frequency numerology, the total number of vRBs of each type μ flow within the
delay bound condition, represented by qμ , and 2) In the resource-sharing environment, calculating the total
number of vRB resource states of each type μ flow comprising allocated and blocked states only, represented
by bμ . Eq. (3) presents the formulation of the cost function Cμ (qμ , bμ), which is based on an exponential
model.

Cμ (qμ , bμ) = 2n ⋅ (q−e
μ ⋅ be

μ + ημ) , (3)

where

ημ (qμ , bμ) = (2n ⋅ (qμ − bμ) ⋅ (qμ − bμ + 1) + 1)−1

sub ject to 0 < ημ ≤ 1 (4)

In Eqs. (3) and (4), n (n ≤ 0) denotes the shrink exponent factor and ημ is a dynamic fine-tuning
weighting factor used to adjust the number of available RBs.

Obviously, as the dynamic fine-tuning factor of ημ increases, the number of available vRBs decreases,
leading to a significant increase in the carrying cost Cμ (⋅), and vice versa. For vRB resources in the
individual type μ flow, as the number of allocated (or used) resources increases, the carrying cost increases
exponentially. Note that due to differences in available RB resources between different SCS modes in
numerology, the number of available vRB resources varies across different flow types μ. Specifically, within a
20 MHz frequency band, three distinct numerology SCS modes (i.e., μ = 0, 1, 2) within each 1 ms sub-frame,
the maximum number of RBs available for each mode is: 106 (106 * 1) RBs for μ0, 102 (51 * 2) RBs for μ1,
and 96 (24 * 4) RBs for μ2. Due to the constraints imposed by delay bounds (specifically, 50 ms for μ0, 10 ms
for μ1 and 5 ms for μ2), the upper-bound RBs for various flow types μ extend to 5300 (106 * 50) RBs for μ0,
1020 (102 * 10) RBs for μ1, and 480 (96 * 5) RBs for μ2. In a single SCS mode, the impact of variations in the
number of RBs utilized on the associated cost is clearly observable, reflecting the sensitivity of the system
performance to resource allocation.

Specifically, the cost reaches its peak value of 1.0 when all available RBs are employed, indicating
the maximum resource utilization scenario, whereas it falls to its minimum value of 0.0 when no RBs
are consumed, corresponding to the idle allocation condition. Then, a numerical example of three vRB
states is presented in detail to demonstrate the determined cost values. From these numerical examples, the
maximum and minimum cost values can certainly justify the bounds (i.e., the cost is 0.0 if the vRB state
is fully occupied; conversely, the cost is 1.0 if the vRB state is totally free) of the proposed cost function.
Consequently, by leveraging the exponential cost function, eSCFS systematically evaluates the state of each
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vRB, thereby facilitating informed and adaptive scheduling decisions that dynamically respond to the current
resource availability and service requirements.

Assume that the 5G-A gNB adopts a 20 MHz frequency spectrum bandwidth and a 5 ms delay
bound of SCS mode μ2 vRB (i.e., with the total number of vRBs is q2 = 480, 24 (RBs/time_slot) ⋅
4 (time_slot/subframe) ⋅ 5 (ms/1slot) = 480) for three vRBs states of 1) b2 = 0 (all vRBs are free) in Scenarios
1 and 2) b2 = 220 in Cases 2 and 3) b2 = 480 (i.e., all vRBs are occupied) in Scenario 3.
Scenario 1. For type μ2 flow with vRB state b2 = 0, calculate the dynamic fine-tuning weighting factor
η2 (480, 0) and the carrying cost C2 (480, 0).

η2 (480, 0) ← (0.5 ⋅ (480 − 0) ⋅ (480 − 0 + 1) + 1)−1 = 8.6624E − 07
C2 (480, 0) ← 0.5 ⋅ (480−e ⋅ 0e + η2 (480, 0)) = 4.33E − 06

Scenario 2. For type μ2 flow with vRB state b2 = 220, calculate the dynamic fine-tuning weighting factor
η2 (480, 220) and the carrying cost C2 (480, 220).

η2 (480, 220) ← (0.5 ⋅ (480 − 220) ⋅ (480 − 220 + 1) + 1)−1 = 2.94716E − 05
C2 (480, 220) ← 0.5 ⋅ (480−e ⋅ 220e + η2 (480, 220)) = 0.059989

Scenario 3. For type μ2 flow with vRB state b2 = 480, calculate the dynamic fine-tuning weighting factor
η2 (480, 480) and the carrying cost C2 (480, 480).

η2 (480, 480) ← (0.5 ⋅ (480 − 480) ⋅ (480 − 480 + 1) + 1)−1 = 1
C2 (480, 480) ← 0.5 ⋅ (480−e ⋅ 480e + η2 (480, 480)) = 1

3.3 Extended Sigmoid-Based Reward Function, Γμ (⋅)
Furthermore, eSCFS proposes an enhanced Sigmoid dynamic reward function to explicitly identify

rewards generated by packets from incoming flows. Key features of the eSCFS reward function include
the ability for the reward curve to dynamically adjust horizontally, vertically, and diagonally effectively.
According to the proposed cost–reward-driven scheduling algorithm, the flow packet exhibiting the highest
net profit is designated the most prioritized for scheduling. Two primary aims can be accomplished. Firstly, it
offers a dynamic scheduling approach that considers numerous variables, including MCS (such as calculation
order parameters), frequency numerology, and RB status. Secondly, the flow packet with the greatest net
profit is given the highest priority, and the queue scheduler processes it first. Prioritizing the highest priority
provides a range of advantages, including minimizing network costs and maximizing the system’s net profit
and reward.

eSCFS examines the conventional sigmoid function defined in Eq. (5) and its alignment with the
characteristic S-shaped transition, highlighting two principal elements: the natural base e (Euler’s number)
that structures the exponential term, and a shaping parameter whose evolution exhibits a transition pattern
reminiscent of the error function.

f (t) = 1/ (1 + e−t) . (5)

In Eq. (5), the Sigmoid-based formulation depicts a dynamic growth pattern characterized by an
inflection point. Prior to this point, the formulation demonstrates exponential growth, suggesting a gradient
rate that is higher than but smaller than the inflection point value. Conversely, after this point, logarithmic
growth is evident, with a gradient rate that is lower in the interval before the inflection point but greater than
the inflection point value. As illustrated in Eq. (6), the enhanced sigmoid-based adaptive reward function
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Γμ (⋅) is introduced by eSCFS through the utilization of the maximum value of Sigmond’s S-shaped curve,
based on the integration of several significant parameters, represented by Γμ .

1. ρμ denotes the impact factor of pivot ρμ affecting the turning point Pμ of the reward function curve.
That is, the pivot turning point Pμ moves toward the left, while ρμ increasing, and vice versa.

2. δμ denotes the impact factor of slope δμ affecting the S-shaping of the reward function curve (of the
extended Sigmoid function). That is, the S-shaping of the reward function curve becomes sharp, while
δμ increasing, and vice versa.

3. ϑμ , i ,Qm denotes the weighting factor according to the MCS. ϑμ , i ,Qm decreases, as the MCS Qm increasing.
4. Φμ denotes the peak parameter of the maximum reward for flow type μ, and
5. ωμ denotes the factor for the fine-tuning of the rate of inflation.

Γμ , i ,k ← (1 + (e−δμ ⋅((qμ−bμ)−ρμ)))
−Φμ , i
+ ωμ , s.t.δμ ≥ 0, Φμ ≥ 0. (6)

The control parameter ρμ is inversely proportional to the turning point Pμ . When ρμ ≤ 0, it indicates
that all resources can be utilized, and Pμ is close to the maximum vRB usage, as depicted by the S6 curve
in Fig. 4. As ρμ increases, the available vRBs decrease. When ρμ approaches the maximum value of vRBs
used, there are nearly no resources available. At this stage, Pμ will be close to or lower than the minimum
vRB usage value, as illustrated by the S7 curve in Fig. 4.

Figure 4: Reward functions for SCS mode μ = 0 (under different ρμ and δμ).

Further analysis of the adaptive turning point Pμ in the reward function is conducted according to flow
type μ. The primary objective is to determine the correlation between the reward value at the turning point
and vRB utilization. The turning point Pμ is positioned near the maximum number of vRBs, resulting in
higher rewards, which is suitable for higher priority flow types. Conversely, for lower priority flow types,
the turning point Pμ should be closer to the minimum, resulting in lower rewards. It is important that the
inflection point is adaptively adjusted according to the vRB state.

Third, the behavior of the reward function near its transition point is characterized by analyzing its local
gradient. The principal purpose of slope rate δμ is to ascertain the rate of change in reward value between the
maximum of 1.0 and the minimum of 0.0, as shown in Fig. 4. As the slope rate δμ approaches 1.0, the shape
of the function becomes increasingly sharp, as curves S1, S2, and S3 are illustrated in Fig. 4. Conversely, as
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the slope rate δμ approaches 0.0, the reward function becomes increasingly smooth, as curves S4, S5, and S7
illustrated in Fig. 4. Importantly, when the slope rate δμ is equal to zero, the reward formula curve becomes
horizontal, as curve S8 illustrated in Fig. 4. In consequence, for higher traffic rates, a greater slope rate δμ is
needed under higher vRB states, thereby facilitating the acquisition of more substantial rewards, as curve S6
illustrated in Fig. 4. In contrast, a smaller slope rate δμ is better suited for lower traffic types. It allows for a
more limited set of vRB states to be covered, resulting in the possibility of achieving greater rewards, as curve
S2 demonstrated in Fig. 4. By adjusting slope rate δμ for different types of traffic, it dynamically optimizes
the bringing reward formula.

Next, we analyze the variation of the peak value of the maximum reward in the reward function between
its maximum and minimum values. The peak value Φμ , i ,m primarily induces significant variation in the
maximum and minimum reward values for different priorities of flows. The parameter formula for the peak
value is formulated in Eq. (7).

Φμ , i ,m = (e−ϑμ , i ,Qm )(μmax−μk) , (7)

where i denotes the i-th UE, μk denotes the numerology SCS mode for type k flow and ϑμ , i ,Qm is a weighting
factor according to the MCS Qm . Moreover, in 5G-A TN or further 6G NTN, the MCS Qm of an UE definitely
affects the number of required vRBs and the bringing reward.

The weighting factor ϑμ , i ,Qm according to MCS Qm is formulated in Eq. (8).

ϑμ , i ,Qm ← (Qmax
m − Qm , i ,μk + 1) / (Qmax

m + Qmin
m ) , (8)

where Qmax
m and Qmin

m denote the maximum and minimum values of the modulation order (i.e., Qm),
respectively. For instance, Q256qam = 8 denotes the maximum MCS of 256 QAM for, Q16qam = 4 for 16 QAM
and Qq psk = 2 for QPSK. In addition, Qm , i ,μ denotes MCS Qm with SCS mode μ, where μmax denotes the
maximum SCS mode. For example, for three types of flows μ, μ ∈ {0, 1, 2}, μmax = 2 and μmin = 0.

In summary, the analyses and discussions of the key impact factors of the reward function are depicted
as follows, including the total number of vRBs qμ , the vRB state of allocated and blocked bμ , the impact
factor of pivot ρμ affecting the turning point Pμ of the reward function curve, the impact factor of slope δμ
affecting the S-shaping of the reward function curve, the MCS Qm , the weighting factor according to the MCS
ϑμ , i ,Qm , and the peak value of maximum reward Φμ , i ,m . Consequently, from Eq. (6), the reward function of

Γμ , i ,k ← (1 + (e−δμ ⋅((qμ−bμ)−ρμ)))
−Φμ , i
+ ωμ exhibits several features.

Feature 1: The impact factor of pivot ρμ affects the turning point Pμ of the reward function curve. That is,
the pivot turning point Pμ moves toward the left, while ρμ increasing, and vice versa.
Feature 2: The impact factor of slope δμ affects the S-shaping of the reward function curve (of the extended
Sigmoid function). That is, the S-shaping of the reward function curve becomes sharp, while δμ increasing,
and vice versa.
Feature 3: For the residual available RBs (qμ − bμ), the bringing reward increases, while the available RBs
(qμ − bμ) decreasing.
Feature 4: The weighting factor according to the MCS ϑμ , i ,Qm decreases, as the MCS Qm increasing. (i.e.,
ϑμ , i ,Qm is inversely proportional to Qm)
Feature 5: The peak value of maximum reward Φμ , i ,m increases, as the weighting factor ϑμ , i ,Qm decreasing.
(i.e., Φμ , i ,m is inversely proportional to ϑμ , i ,Qm )
Feature 6: The bringing reward Γμ , i ,k increases, as the peak value of maximum reward Φμ , i ,m increasing.
(i.e., Γμ , i ,k is proportional to Φμ , i ,m)
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Specifically, Φμ , i ,m is inversely proportional to ϑμ , i ,Qm . Thus, a larger MCS Qm (e.g., Q256qam = 8) yields
lower ϑμ , i ,Qm and higher Φμ , i ,m . Furthermore, Φμ is directly proportional to SCS mode μ, so a higher μ
(e.g., μ2) yields a higher Φμ , i ,m .

For clearly demonstrating how to determine the dynamic reward function, as shown in Eqs. (7) and (8),
three numerical examples for three scenarios using different SCS modes provide clear intuition on the
determinations of the bringing reward, respectively. Assume that UEi with three types of flows of eMergency,
uRLLC, and eMBB, using three SCS modes μ ∈ {0, 1, 2} and different MCS of Q256qam = 8 and Q16qam = 4,
etc., ϑ8, i ,2 and Φ8, i ,2 for UEi are determined below, respectively.
Scenario 1. For type μ2 flow using either Q256qam = 8 or Q16qam = 4, calculate ϑ8, i ,2 and Φ8, i ,2 for UEi ,

ϑ2 ← {
ϑ8, i ,2 = ((8 − 8 + 1) / (8 + 2))i = 0.1//higher MCS
ϑ4, i ,2 = ((8 − 4 + 1) / (8 + 2))i = 0.5

Φ2 ←
⎧⎪⎪⎨⎪⎪⎩

Φ8, i ,2 = (e−0.1)(2−2) = 1
Φ4, i ,2 = (e−0.5)(2−2) = 1

Scenario 2. For type μ1 flow using either Q256qam = 8 or Q16qam = 4, calculate ϑ8, i ,1 and Φ8, i ,1 for UEi ,

ϑ1 ← {
ϑ8, i ,1 = ((8 − 8 + 1) / (8 + 2))i = 0.1//higher MCS
ϑ4, i ,1 = ((8 − 4 + 1) / (8 + 2))i = 0.5

Φ1 ←
⎧⎪⎪⎨⎪⎪⎩

Φ8, i ,1 = (e−0.1)(2−1) = 0.9048//better
Φ4, i ,1 = (e−0.5)(2−1) = 0.6065

Scenario 3. For type μ0 flow using either Q256qam = 8 or Q16qam = 4, calculate ϑ8, i ,0 and Φ8, i ,0 for UEi ,

ϑ0 ← {
ϑ8, i ,0 = ((8 − 8 + 1) / (8 + 2))i = 0.1//higher MCS
ϑ4, i ,0 = ((8 − 4 + 1) / (8 + 2))i = 0.5

Φ0 ←
⎧⎪⎪⎨⎪⎪⎩

Φ8, i ,0 = (e−0.1)(2−0) = 0.8187//better
Φ4, i ,0 = (e−0.5)(2−0) = 0.3679

From the above justifications and discussions of these three scenarios, we can conclude that a higher
MCS Qm (e.g., Q256qam = 8) can achieve a lower weighting factor ϑμ , i ,Qm , a higher peak value Φμ , i ,m , and a
higher bringing reward Γμ , i ,k , and vice versa.

Fig. 5 depicts the reward function curves under different peak values Φμ , i ,m , where δ and ρ are set to
240 and 0.02, respectively. Φμ , i ,m varies from 0.2 to 1.0. Obviously, the maximum reward value increases
(e.g., S5 curve of the reward function), as the peak value parameter Φμ , i ,m increasing (e.g., Φμ , i ,m = 1.0). Note
that the highest reward function of S5 is suitable for the highest flow type μ2; conversely, the lowest reward
function S1 is for the lowest flow type μ0.
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Figure 5: Different reward function curves of different peak values Φμ , i ,m under different vRB states (for μ = 1, ρ = 240,
δ = 0.02).

3.4 Scheduling the Flow Packet with the Highest Net-Profit
As shown in Fig. 6, the benefit models associated with each flow category are generated in a manner that

incorporates their corresponding dynamic parameters. Following the formulation of the exponential cost
expression and the enhanced sigmoid-based benefit model, the eSCFS scheduler selects, from the queue, the
packet whose net gain is strictly positive and numerically the largest. This packet is treated as the scheduling
winner, represented by N

OPT
μ∗ , and follows the definition given in Eq. (9).

N
OPT
μ∗ ← arg max

∀μ
{Γμ − Cμ} . (9)

As shown in Fig. 6 and Eq. (9), only the flow packets for which the bringing reward exceeds the
associated carrying cost, i.e., Γμ > Cμ , are considered candidates for scheduling. Subsequently, among these
flow HoL packets of all flow queues, the net-profit scheduling algorithm selects the HoL packet with
maximum net-profit as the optimal one to be scheduled to the next stage of vRB allocation.

Consequently, the eSCFS scheduling algorithm exhibits several distinctive advantages, particularly in
comparison to existing scheduling methods. First, a flow packet is only eligible for scheduling if its reward
exceeds the carrying cost, expressed as Γμ > Cμ . Second, the eSCFS scheduling strategy is designed to
optimize the network’s net profit. Packets with the highest positive net profit are prioritized for scheduling,
while ensuring compliance with various QoS parameters. Moreover, the scheduling process incorporates
multiple dynamic factors associated with the states of both the flow queue and the virtual RBs (vRBs),
enhancing overall scheduling efficiency. Certainly, the determination of the optimization scheduling result
benefits from the above proposed dynamic states of flow queue, vRB state, and important parameters.
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Figure 6: Extended sigmoid reward function, exponential-based cost function, and the net-profit of different SCS
modes under various vRB states.

In summary, specifically, for the proposed exponential Cost Function, the cost function is formulated
based on the dynamic parameters, including: 1) the dynamic vRB state bμ , 2) the total number of vRBs within
the delay bound of the corresponding SCS mode μ, and 3) a dynamic fine-tune up factor ημ . Typically, the
total number of vRB resource states, bμ , of each type μ flow consists of the number of allocated and blocked
states. ημ denoting the fine-tuning weighting factor, is to adjust the number of available RBs. Obviously, as
the fine-tuning of ημ increases, the number of available vRBs decreases, resulting in a significant increase
in the carrying cost Cμ (⋅), and vice versa. For the proposed adaptive Reward function, the reward function,

Γμ , i ,k ← (1 + (e−δμ ⋅((qμ−bμ)−ρμ)))
−Φμ , i
+ ωμ , is formulated as an efficient Adaptive-Sigmoid function with

some dynamic parameters and an adaptive function, Φμ , i , = (e−ϑμ , i ,Qm )(μmax−μk) , according to the MCS states
(i.e., 256QAM, 64QAM, 16QAM, etc.) of the concerned UE.

Finally, the algorithm of the proposed eSCFS scheduling and vRB allocation is shown in Algorithm 1.

Algorithm 1: eSCFS scheduling & vRB allocation
Definitions:

vQ = {vq2, vq1, , vq0,}: Set of virtual queues corresponding to numerology types.
dμ : Delay bound of SCS mode μ.
qμ : Total number of vRBs within the delay bound dμ for SCS mode μ.
bμ : Number of occupied vRBs (Allocated + Blocked) of SCS mode μ.
Tμ (t): Set of vRB candidates of SCS mode μ at scheduling instant time t.
Cμ (qμ , bμ): Cost function.
Γμ (⋅): Reward function.

Inputs:
vQ ← 3, qμ , bμ , dμ , Tμ (t), Cμ , Γμ , i ,k , Nμ , Parameters {δμ , ϑμ , ωμ ← 0}

Outputs:
– Optimize vRB allocation for the optimal flow packet de-queued by the scheduler.

(Continued)
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Algorithm 1 (continued)

– Update vRB states s (vrbμ , j) ∈ {Free (0) , Al located (1) , Blocked (−1)}.
– Update the occupied vRBs bμ and residual vRBs lμ .
– Drop flow packet if no feasible vRB can be allocated within the delay bound.

1. Initialize vRB state s (vrbμ , j) ← Free (0), ∀vrbμ , j ∈ vRBμ , ∀μ ∈ {2, 1, 0}, bμ ← 0,
2. Generate ∣u∣ UEs and initialize traffic flows
3. while (Current_time < Simulation_time) do
4. /** Phase 1: Net-Profit-Based HoL Flow Scheduling **/
5. for each vqμ ∈ vQ do
6. if vqμ is empty then
7. Nμ ← −∞
8. continue
9. end if
10. // Update vRB state
11. bμ ← Number of vRBs with states {Allocated, Blocked} in vRBμ
12. lμ ← qμ − bμ
13. Let i be the HoL packet in vqμ
14. Update waiting time wμ , i (t)
15. //Cost must be computed after bμ is updated
16. Compute cost Cμ (qμ , bμ)
17. //Randomly generate flow packet quality FQμ
18. from MCS = {1, 2, 6, 8},

19. with P (FQμ = MCS) =
⎧⎪⎪⎨⎪⎪⎩

1
4

, h ∈ MCS
0, otherwise

20. Update ϑμ using Eq. (8)
21. Compute Φμ , i using Eq. (7)
22. Compute reward Γμ , i ,k using Eq. (6)
23. Nμ ← Γμ , i ,k − Cμ (qμ , bμ)
24. end for
25. if N∗μ ≤ 0 then
26. break
27. end if
28. //Select candidate queue:
29. N

OPT
μ∗ ← arg max

∀μ
{Γμ − Cμ} . using Eq. (9)

30. Dequeue the optimal HoL packet i∗ from vq∗μ
31. /** Phase 2. RB Allocation **/
32. Fl ag_success ← false
33. for each slot-time t j ∈ Tμ∗ (t) do
34. if wμ∗ ,i∗ (t) + t j ≤ dμ∗ then
35. if s (vrbμ , j) == Free && bμ∗ < qμ∗ then //Optimal vRB for allocation
36. // Allocate vrbμ , j to flow i*:
37. s (vrbμ , j) ← Al located (1)
38. bμ∗ ← bμ∗ + 1

(Continued)
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Algorithm 1 (continued)
39. lμ∗ ← qμ∗ − bμ∗

40. //Block overlapped vRBs:
41. for each v ∈ {2, 1, 0}, v ≠ μ∗do
42. if s (vrbμ , j) == Free (0) then
43. s (vrbμ , j) ← Blocked (−1)
44. bv ← bv + 1
45. lv ← qv − bv
46. end if
47. end for
48. Fl ag_success ← true
49. break
50. end if
51. end if
52. end for
53. if Fl ag_success == false then
54. Delete (dropping) packet i∗
55. end if
56. end while

4 Numerical Results
This section presents an evaluation and comparison of key performance metrics for the proposed eSCFS

approach and several related methods, as summarized in Table 6. The benchmarked approaches include the
3GPP 5G/5G-A NR radio resource allocation specification (denoted as 5G Std.), WFQ, RR scheduling, PQ,
NRFlex, and BestCQI. The assessed performance metrics under varying UE numbers include average delay,
net profit, and virtual RB (vRB) utilization. To facilitate reproducibility and enable further research, the
implementation of the proposed method is available publicly [49].

Table 6: Flow queueing scheduling of compared approaches.

Compared Approaches Flow Queue Scheduling
The proposed eSCFS approach Adaptive Cost-Reward functions

5G/5G-A Std. [2,3] Packet rate (packet RX/TX)
NRflex [20] Min delay and Packet rate

5G + PQ [45] PQ + Slicing
5G +WFQ [41] WFQ + latency bound
5G + RR [48] Greedy + RR

5G + BestCQI [49] BestCQI

In the proposed network model, the 5G/5G-A NR system consists of a two-tier architecture with a total
of seven gNBs and a core network. Each gNB allocates 10 MHz of bandwidth to support three NR SCS
modes. A single 5G/5G-A Physical System Frame (PSF) is composed of 10 sub-frames, spanning a duration
of 10 ms. Regarding the traffic model, three distinct types of flows are considered: uRLLC and emergency
(eMERGENCY) flows for eV2X applications, mMTC+ flows for 5G-A IIoT, and enhanced mobile broadband
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(eMBB+) flows. Flow generation at each UE follows a Pareto distribution, characterized by parameters α_on,
α_o f f , and β. The detailed characteristics of these flows are summarized in Table 7.

Table 7: Simulation parameters.

Compared Approaches Flow Queue Scheduling
Length of simulation 120 s

gNBs (2-Tier) 7
Frequency Spectrum Bandwidth (MHz) 20 MHz

SCS modes for numerology μ {0, 1, 2}
Slot configuration within a subframe {1, 2, 4}

Number of RBs per subframe(different SCS modes) μ0 = 106, μ1 = 102, μ2 = 96
Number of UEs {1000, 1500, 2000, 2500, 3000, 3500, 4000}

Max delay bound (ms) μ0 = 50 ms, μ1 = 10 ms, μ2 = 5 ms
Packet length (Bytes) 512, 1024, 1500 Bytes

In Figs. 7–9, the average vRB access delay among all compared approaches under different numbers of
UEs are compared. In Fig. 7 for the highest priority SCS mode, all average delays increase as the number of
UEs increases. eSCFS and 5G/5G-A Std. result in competitive higher delay. The reason is that eSCFS aims
to yield an access delay less than the delay bound of 5 ms, rather than achieves the minimum access delay.
However, PQ and WFQ result in the least delay, because they always schedule the highest priority flow to
minimize the access delay while neglecting the bringing reward and the carrying cost. Moreover, NRFlex and
BestCQI lead to higher delay, because of concerning a single major factor and neglecting the bringing reward
and the carrying cost. Obviously, the proposed eSCFS scheduling algorithm is based on adaptive cost/reward
functions with maximizing net-profit, pre-allocating the vRB with the least vRB MX, and the least fragment
of available vRBs. Consequently, eSCFS certainly yields the least vRB access delay, while resulting in supreme
advantages: the least vRB MX and the least fragmental vRB.

In Fig. 8, for the higher priority SCS mode μ1, all average delay increases as the number of UEs
increasing. NRFlex yields the longest average vRB delay because it considers only the delay metric as the
important factor. eSCFS yields the longest delay for SCS mode μ1, because in eSCFS the highest SCS mode
μ2 always brings the highest reward and adopts the exponential-based cost according to the vRB state.
Similarly, PQ yields much higher delay for the higher priority SCS mode μ1 due to PQ always scheduling the
highest priority SCS mode μ2 firstly. Clearly, RR and WFQ aim at the fair scheduling criteria and thus yield
moderate delay.

In Fig. 9, for the least priority SCS mode μ0, eSCFS yields the least delay, because eSCFS searches
available vRB for allocation according to the descending time from the delay bound (i.e., 50 ms) to the current
time. However, the other approaches result in competitive high delays, because they adopt PP specified 3
types of RB allocations or random allocation for the lowest priority of the SCS mode μ0.
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Figure 7: Average delay of the highest priority SCS mode μ2.

Figure 8: Average delay of the higher priority SCS mode μ1.

Figure 9: Average delay of the lowest priority SCS mode μ0.
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Figs. 10–12 evaluate average vRB utilizations among all compared approaches. Certainly, lowering the
Mutual eXclusion or the fragmental vRBs is equivalent to achieving a higher vRB utilization. In Fig. 10, for
the highest priority of the SCS mode μ2, eSCFS yielding the highest vRB utilization benefits from the adaptive
maximum Net-Profit scheduling with adaptive vRB allocation. However, RR and BestCQI lead to the least
utilization. RR and BestCQI suffer from fairness scheduling and single concerning CQI factor for the flow
scheduling, respectively. Finally, 5G, PQ, and WFQ lead to moderate vRB utilization of the SCS mode μ2.
Specifically, PQ always schedules the highest priority SCS mode μ2 firstly and neglects the MX effect in
vRB allocation.

Figure 10: Average vRB utilization of different numbers of UEs of the highest priority SCS modes μ2.

Figure 11: Average vRB utilization of different numbers of UEs of the highest priority SCS modes μ1.
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Figure 12: Average vRB utilization of different numbers of UEs of the highest priority SCS modes μ0.

Fig. 11 evaluates vRB utilization of the high priority of SCS mode μ1, where 5G std. and PQ yield the
least vRB utilization, but RR and BestCQI lead to the highest utilization. Moreover, eSCFS results in low
utilization, because the proposed Cost-Reward-based approach efficiently allocates vRB for SCS mode μ2
but may degrade the vRB utilization of SCS modes μ1 and μ0. Furthermore, all the compared approaches
neglect the critical problems of MX and fragmental vRB. Typically, for SCS mode μ1, PQ and Nrflex yield
the least vRB utilization. 5G, WFQ, and RR yield moderate vRB utilization for the high priority SCS mode
μ1. Specifically, PQ contributes to the highest priority SCS mode μ2 only. For SCS mode μ1, Nrflex yields the
least vRB utilization.

Fig. 12 compares the vRB utilization of the lowest priority of the SCS mode μ0, in which the proposed
eSCFS yields the lowest vRB utilization, but 5G and RR lead to the highest vRB utilization. The others lead
to competitive moderate vRB utilization. For eSCFS, the lowest priority SCS mode is easily blocked because
the carrying cost is higher than the bringing reward, and thus minimizes the utilization. Conversely, RR,
BestCQI, Nrflex, and 5G only concern fairness, a single QoS metric of CQI, or flow priority, so they result in
the highest or moderate vRB utilization.

Figs. 13–15 evaluate the total bringing reward, total carrying cost, and total net profit, respectively.
Clearly, an approach allocating a larger number of vRBs definitely increases the vRB utilization and the
carrying cost. Thus, to efficiently allocate vRB while not increasing total carrying cost, but increasing the
bringing reward and total net-profit becomes a huge challenge in 5G/5G-A networks. Obviously, different
types of flows bring different rewards. As a result, it exhibits a trade-off between increasing the vRB utilization
and not increasing the total carrying cost and the total bringing reward.

Fig. 13 evaluates the total bringing reward, where eSCFS outperforms the other approaches in the
bringing reward, benefiting from two key mechanisms: 1) the adaptive maximum net-profit scheduling
algorithm according to the vRB state and 2) the adaptive vRB allocation with minimizing MX vRBs and
fragmented vRBs. PQ and WFQ yield low total bringing reward because of scheduling more flows of SCS
mode μ2 that brings a higher reward. 5G and NRflex yield competitive low bringing reward. Finally, RR
and BestCQI result in the lowest reward due to their non-adaptive nature. RR provides fair scheduling
regardless of flow type, channel quality, etc. BestCQI’s performance is limited by statically using CQI only
and neglecting the flow type.
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Figure 13: Total bringing reward.

Figure 14: Total carrying cost.

Figure 15: Total net profit.
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Fig. 14 evaluates the total carrying costs. PQ and WFQ result in the highest cost due to prioritizing
packets in the highest-priority SCS modes. 5G Std. yields a higher total carrying cost. eSCFS results in
moderate cost, benefiting from the adaptive cost and reward functions. RR yields much lower cost, and
BestCQI yields the least carrying cost because of neglecting several key factors, including the flow type, the
vRB state, the MX feature in 5G/6G frequency numerology, etc.

Fig. 15 evaluates the total net-profit, in which eSCFS yields the highest net-profit by using the proposed
adaptive exponential cost function according to the vRB state and the extended Sigmoid reward function. RR
and Best CQI yield the least net profit because they yield the least total reward. The other approaches (5G Std.,
PQ, WFQ, and NRflex) result in moderate total net-profit because of neglecting several important mecha-
nisms, including the cost and reward functions, the vRB state, the MX feature of frequency numerology in
5G, etc.

Fig. 16 demonstrates the normalized delay of SCS mode μ2 of BestCQI as the baseline for clearly
demonstrating the overhead of the delay comparison among all approaches. Obviously, the approach yielding
the least overhead of delay certainly results in the least processing time even under heavy traffic loading.
Consequently, such an approach definitely achieves the highest scalability. In Fig. 16, the normalized delay
overhead of 5G Std is always higher than that of BestCQI. That is, 5G Std yields worse overhead of the
delay than BestCQI, because 5G Std uses maximum rate-based scheduling. Moreover, the other approaches
(except for 5G Std) yield lower normalized delay overhead than that of BestCQI. Especially, the proposed
eSCFS approach outperforms the other compared approaches in the normalized delay overhead, because
of the maximum net-profit scheduling flow scheduling (according to the vRB state) and the adaptive vRB
allocation. Specifically, in eSCFS, the maximum net-profit scheduling contributes to the least overhead of
the delay for SCS mode μ2 and the highest processing scalability.

Figure 16: Normalized the overhead of the delay to the baseline BestCQI (SCS mode μ2).

5 Conclusions and Future Directions
In 5G-A TN and 6G NTN LEO, a key enabling technique is frequency numerology, which defines

different slot times for different SCS modes for achieving extremely low delay and ultra-reliable communi-
cations. However, such numerology suffers from dynamic, diverse types of flow traffic, a mutual exclusion
feature among all vRB resources, and fragmental vRBs. Furthermore, 3GPP specified three types of RB
allocations, which clearly suffers from statically pre-configuration BWP. As a result, the vRB allocation
efficiency is obviously degraded. Furthermore, for the scheduling, the core mechanism of flow scheduling
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is to dynamically differentiate the prioritization of flow packet processing according to single or multiple
metrics. The critical challenges in flow scheduling and vRB allocation in 5G-A TN and 6G NTN LEO need to
be addressed efficiently. Thus, this work proposed an Extended Sigmoid-based Cost-Reward Flow Scheduling
(eSCFS) approach and achieved several contributions. First, packets in flow queues are prioritized based on
net-profit, with the highest net-profit packet assigned the highest scheduling priority. Second, the analyses
and discussions of key factors in cost and reward functions are presented. Third, minimizing the MX and
fragmental vRB in 5G-A TN/6G NTN frequency numerology for enhancing spectrum efficiency. Numerical
results demonstrate that eSCFS outperforms existing methods in terms of vRB utilization, average delay, total
bringing reward, and average net-profit.

3GPP 6G NTN LEO communications specified the frequency numerology using three SCS modes
with limited frequency spectrum bandwidth. Thus, the proposed eSCFS approach can be extended to 6G
NTN LEO satellites for edge-AI computing. Typically, we have studied and realized the AI Markov Decision
Process-based Reinforcement Learning (MDP-RL) for the optimal predictions of flow queue state and vRB
state. The MDP state and the action state, according to the 6G NTN LEO network environment, have been
defined and analyzed. Several 6G LEO research studies of SDN-based flowing radio RB allocation with deep
MDP-RL learning and training have been studied as future work.
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