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5G-TPS: A Two-Phase Real-Time Scheduling and
Adaptation Framework for 5G Radio
Access Networks

Tianyu Zhang

Abstract—Among the many industrial wireless solution candi-
dates, 5G New Radio (NR) has drawn significant attention in recent
years due to its capabilities to support ultra-high-speed communi-
cation, wide coverage, ultra-low latency, and massive connectivity.
Despite its great potential, 5G NR also brings significant complexity
in scheduling data flows to meet their hard real-time requirements
in industrial applications. In this paper, we first leverage a 5G RAN
testbed to benchmark the downlink throughput and explore the
impact of modulation and coding scheme (MCS) selection on the
network performance. We then formulate a real-time flow schedul-
ing problem in industrial 5G NR, which features per-flow real-time
schedulability guarantee through time-frequency resource alloca-
tion. We propose a novel two-phase scheduling framework, named
5G-TPS, to construct a schedule that meets the deadlines of all the
flows. To adapt to dynamic channel conditions, SG-TPS enables
online schedule adjustment for affected flows to meet their tim-
ing requirements. For large-scale multi-cell 5G industrial systems
with cloud radio access network (C-RAN) architecture, we further
introduce a user association algorithm respecting the real-time
requirements of individual user equipment (UEs). Extensive exper-
imental studies show that 5G-TPS can achieve schedulability ratios
comparable to the Satisfiability Modulo Theory (SMT)-based exact
solution and outperform many other state-of-the-art scheduling
approaches, including the built-in 5G NR schedulers.

Index Terms—Real-time 5G, flow scheduling, MCS selection,
industrial Internet-of-Things.

I. INTRODUCTION

NDUSTRIAL Internet-of-Things (IIoT) is expected to sig-
I nificantly improve the efficiency and performance of indus-
trial networks across a wide range of industrial applications
(e.g., process control, automotive, and aerospace manufactur-
ing). Many of these industrial applications (e.g., use cases spec-
ified by 3GPP [1] including wired-to-wireless link replacement,
mobile operation panels, and remote surgery) are mission- and

Received 18 February 2025; revised 7 July 2025; accepted 13 August 2025.
Date of publication 19 August 2025; date of current version 3 December 2025.
This work was supported in part by NSF under Grant CNS-2008463 and in
part by the Investment in Strategic Priorities funding from the Univeristy of
Towa. Recommended for acceptance by X. Yuan. (Corresponding author: Tianyu
Zhang.)

Tianyu Zhang is with the University of Towa, Iowa City, IA 52241 USA
(e-mail: tianyu-zhang @uiowa.edu).

Jiachen Wang and Song Han are with the University of Connecticut, Storrs,
CT 06269 USA (e-mail: song.han@uconn.edu).

X. Sharon Hu is with the University of Notre Dame, Notre Dame, IN 46556
USA (e-mail: shu@nd.edu).

Digital Object Identifier 10.1109/TMC.2025.3599880

, Member, IEEE, Jiachen Wang, X. Sharon Hu

, Fellow, IEEE, and Song Han ", Member, IEEE

safety-critical, with stringent timing and reliability requirements
on the communication fabric to exchange information among
various devices [2].

Industrial wireless networks enable more flexible network
configurations [3] and reduce cabling costs compared to their
wired counterparts [4] (e.g., Time-Sensitive Networking [5]).
However, existing industrial wireless solutions (e.g., ISA100.11,
WirelessHART, and 6TiSCH [6], [7], [8]) are mainly used in
the context of low-power and low-speed wireless sensor and
actuator networks. To support high-speed real-time wireless
communication, IEEE 802.11-based protocols (e.g., Wi-Fi 6)
have received growing attention in industrial applications due
to their low deployment cost. However, 802.11-based proto-
cols operate in an unlicensed spectrum and may suffer severe
and unexpected interference from other co-existing networks
(e.g., WirelessHART and Bluetooth). Further, the limitations on
coverage, mobility, and outdoor deployment make them only
suitable for indoor industrial applications [2].

The industrial connectivity landscape is changing with the
emergence of 5G New Radio (NR) systems. The deployment
of 5G NR in industrial applications, also termed private 5G
networks in 3GPP, has attracted significant interest due to
its capabilities of providing ultra-high-speed communication
(multi-Gbps peak rates), wide coverage, ultra-low latency, and
massive connectivity. Furthermore, the private 5G deployment
options also offer complete control to configure every aspect of
the network (e.g., schedule, resource allocation, and security).

To achieve ultra-high-speed communication with stringent
timing and reliability requirements, several enabling technolo-
gies are supported in 5G NR. For example, orthogonal frequency
division multiple access (OFDMA) is utilized in 5G NR for
both uplink (UL) and downlink (DL) to achieve deterministic
transmissions, and shorter transmission time intervals (TTIs)
compared to 4G LTE are applied to reduce latency. In addition,
5G NR provides robust modulation and coding schemes (MCS),
which determine the user’s data rate on individual frequency
bands according to the per-band channel quality indicator (CQI),
namely the subband CQI report.

Despite the great potential of 5G NR in industrial applications,
it brings high complexity due to the large design space of the
flow scheduler to meet the real-time requirements of indus-
trial data flows. Specifically, the scheduler needs to 1) allocate
resource blocks (RBs) appropriately in the frequency domain
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to multiple users for data transmissions in each TTI; and ii)
choose the MCS index for each user, ensuring that the selected
MCS index is identical across all RBs allocated to this user.
Therefore, the real-time flow scheduling problem in 5G NR
couples together RB allocation and MCS index selection in order
to satisfy the timing requirements of industrial flows, making
the problem extremely challenging. Time-frequency scheduling
for real-time flows in traditional industrial wireless networks
has been well studied [9], [10], [11]. In 5G networks, many
recent works studied the radio resource allocation problems
with objectives to optimize network throughput (e.g., [12], [13],
[14]) or age of information (e.g., [15], [16], [17]). Another set of
works (e.g., [18], [19], [20]) focuses on scheduling ultra-reliable
low-latency communications (URLLC) traffic, especially in
the presence of enhanced mobile broadband (eMBB) traffic.
However, they mainly consider sparse URLLC traffic, where
one can immediately schedule them upon arrival to satisfy the
timing requirement by preempting eMBB traffic. In light of
improving the real-time performance of 5G networks, [21],
[22] provide hard performance guarantees through formal re-
sponse time analysis for 5G network slicing. However, these
works adopt over-simplified resource models, and the proposed
analyses only apply to fixed-priority scheduling, which leads to
low schedulability performance as revealed in our experimental
results. Some recent works [23], [24], [25] study 5G configured
grant (CG) scheduling, aiming at providing real-time guarantees
for time-critical traffic. However, CG scheduling only applies
to 5G UL transmissions and suffers from low flexibility. To
the best of our knowledge, this paper is the first work that
studies time-frequency DL scheduling in industrial 5G NR,
which features per-flow real-time performance guarantee [26].
Specifically, we make the following contributions to this work.

o We leverage a 5G RAN testbed to benchmark the DL
throughput and explore the impact of MCS index selection
on the network performance.

e We formulate the real-time flow scheduling problem in
industrial 5G NR considering the featured 5G techniques,
e.g., MCS selection based on subband CQI report.

® We introduce a two-phase scheduling framework, 5G-TPS,
to construct a feasible schedule with deadline guarantees
for all the flows. Upon dynamic channel condition changes,
5G-TPS enables online schedule adjustment for affected
flows. In large-scale industrial 5G networks with cloud
RAN (C-RAN) architecture, SG-TPS supports user associ-
ation, respecting the real-time requirements of individual
flows.

e Extensive experimental evaluation demonstrates superior
performance of 5G-TPS in terms of schedulability ratio
compared to the state-of-the-art methods, in both stable
and dynamic channel conditions.

II. MOTIVATIONAL EXPERIMENTS

In traditional industrial wireless networks, considerable re-
search has been conducted on channel allocation in the frequency
domain and flow scheduling in the time domain (e.g., [27],
[28], [29]). However, the MCS index selection in 5G NR
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scheduling remains an area that lacks comprehensive
understanding [30], [31], particularly regarding its impact on
the network performance.

In 5G NR, MCS determines the number of bits per symbol
that can be modulated and coded on the transmission channel
between the UE and the gNB. Higher MCS indices generally
correspond to higher channel efficiency and higher data rates,
but they may also be associated with higher packet error rates
and reduced link robustness, as more aggressive modulation
schemes are more susceptible to noise and interference. In order
to understand the impact of the selected MCS index on the
performance of 5G NR, we constructed a 5G RAN testbed using
OpenAirlnterface (OAI) [32], and benchmarked the downlink
throughput of the OAI-based 5G RAN for different MCS index
values and connectivity settings.

A. Testbed Setup

Our 5G RAN testbed, as shown in Fig. 1(a), comprises one
gNB and one UE, each of which runs the OAI stack on a host
machine (Intel 17-9700 processor @3.00 GHz, 8 Cores, 64 GB
RAM). Each host machine is connected to a USRP B210 device
via USB 3.0, serving as the radio head unit (RHU).

1) Connectivity Settings: To thoroughly study the impact of
the MCS index on network throughput, we conduct experiments
in three different connection modes (see Fig. 1(b)). In the RFSim
mode, the OAI gNB transmits I/Q samples to the UE over a
radio channel simulator, namely the RF simulator, via Ethernet
without using the RF boards (i.e., USRP B210 s). In the over-
the-air (OTA) mode, omnidirectional antennas are connected
to the RF boards to transmit signals. In the SMA cable mode,
two USRP B210 s are directly connected using Sub-Miniature
version A (SMA) cables instead of antennas.

We further enrich the throughput measurements in different
channel conditions by varying the noise power levels in the
RFSim mode and the signal level in the SMA cable mode.
Specifically, in the RFSim mode, in addition to the default
perfect channel, we enable the OAI chanmod option and set
the noise power to — 1 dBm, — 5 dBm, and — 10 dBm at the UE
side. In the SMA cable mode, we use two 10 dB attenuators and
one 30 dB attenuator to configure different reduced amplitude
levels (30 dB, 40 dB and 50 dB) of the incoming signal at the
UE side by connecting the attenuators in series.

2) Measurement Settings: We configure the RAN network to
operate on 5G band n78 (3.5 GHz) with 40 MHz of spectrum,
which is the maximum bandwidth supported by USRP B210.
Since our measurements focus on the 5G RAN network, the test
is performed in the OAI phy-test setup, which enables the
communication between the gNB and UE without the need for
a core network. In the phy-test setup, random DL traffic
is generated at every scheduling opportunity, and the MAC
uses a pre-configured allocation for PDSCH (Physical Downlink
Shared Channel) to schedule the DL traffic. We use iperf to
send UDP traffic from the gNB to the UE in a time duration of
600 seconds, and the UDP bandwidth at the gNB is configured
to 1 Mbit/sec, which is restricted by the processing power of the
two host machines. We vary the MCS index from 0 to 28, with
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Fig. 1.

Motivational experiments on a 5G RAN testbed. (a) Overview of the OAI-based 5G RAN testbed consisting of one gNB and one UE. (b) Architecture of

the 5G RAN testbed with three connection modes. (c) Throughput results with varied MCS indices under various connectivity settings.

MCS indices 29, 30, and 31 reserved by 3GPP. Each throughput
result is obtained by averaging five independent experimental
runs.

B. Measurement Results

Fig. 1(c) summarizes the throughput results as a function of
the MCS index under various connectivity settings. Intuitively,
the throughput should increase monotonically with higher MCS
indices, as higher modulation schemes and coding rates typically
result in higher data rates. However, upon observation, it is
apparent that only the results of RFSim with an ideal channel
and SMA cable connection with the 50 dB attenuator meet this
expectation. All other results show fluctuations as the MCS in-
dices increase. Note that, although the throughput of both setups
increases with the MCS index, the throughput under a cabled
connection is slightly lower than that of RFSim, indicating an
idealized simulation environment of RFSim.

For example, in the RFSim mode, when an extremely high
level of noise (-1 dBm) is added to the simulated channel, the
network throughput is very low (<80 Kbits/sec). The data also
show significant fluctuation when the MCS indices are small
(from O to 9, i.e., modulation order QPSK). When we further
increase the MCS index, the throughput directly drops to O
(values omitted in Fig. 1(c)) due to an extremely high packet
loss rate. A similar trend can be observed in all the other curves,
but the occurrences of fluctuation vary, and the throughput
fluctuation is delayed under better channel conditions. For in-
stance, in RFSim with -1 dBm, -5 dBm, and -10 dBm noise
level scenarios, the throughput starts to decrease when the MCS
indices are 3, 13, and 24, respectively. Similarly, in the case
of cable connection mode with 30 dB and 40 dB attenuators,
the throughput decreases when the MCS indices are 10 and 15,
respectively.

C. Discussions

Based on the throughput results obtained in our 5G RAN
testbed, we have the following observation.

Observation 1. Only in the case of a high-quality channel,
the throughput monotonically increases with the increase of the
MCS index. Under worsening channel conditions, the through-
put can decrease with higher MCS indices, and significant
fluctuations may occur.

The fluctuation in throughput with increased MCS index is
mainly caused by the following reason. The communication

channel between the UE and the gNB is composed of a set
of subbands, and the channel quality may vary across these
subbands. However, according to the PHY specification of 5G
NR [33], the UE must select and use the same MCS index on
all the allocated subbands. When the MCS index is increased,
the UE may fail to decode the received signals on subbands
with poor channel quality, resulting in decreased throughput.
However, on subbands with good channel quality, the UE can
achieve higher datarates, leading to improved throughput. These
opposite trends in throughput changes on different subbands
result in overall throughput fluctuations across the entire band-
width as the MCS index increases.

Regarding Observation 1, there are two points worth noting.
First, the OTA mode measurement on our testbed is conducted
in a line-of-sight (LOS) indoor lab environment with no moving
objects nor significant interference/noise sources (see Fig. 1(a)),
and the throughput results show fluctuation when MCS index is
larger than 9. When considering industrial 5G RAN networks,
which are typically deployed in much harsher environments,
the channel quality can be much worse, and the fluctuation in
network performance can be more significant for different MCS
indices.

Second, in our testbed, the gNB is connected with only one
UE which has access to the entire network bandwidth resource.
The gNB only needs to determine the MCS index used by the UE
to achieve better performance, e.g., higher throughput. However,
if multiple UEs are connected to the RAN network, it becomes
more challenging to determine the proper MCS index for each
UE, given that the bandwidth is shared by all the UEs and the
subband allocation for each UE also needs to be determined.
Therefore, based on the experimental results and the above
discussion, we make the following statement to motivate our
work.

Statement. The selection of MCS index for each UE is
crucial in determining the performance of 5G RAN networks,
and presents a challenge that requires judicious investigation
in the design of scheduling mechanisms.

III. SYSTEM MODEL AND PROBLEM STATEMENT

We now present the 5G NR-based multi-cell network model
and formulate the 5G real-time flow scheduling problem.

Authorized licensed use limited to: UNIVERSITY OF CONNECTICUT. Downloaded on May 30,2026 at 14:31:30 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: 5G-TPS: A TWO-PHASE REAL-TIME SCHEDULING AND ADAPTATION FRAMEWORK FOR 5G RADIO ACCESS NETWORKS

gNB CU
(ee—)

1323

Data rate 2 x 18 = 36

; n=
JCell#t / \< Cell #3° Frequency (RBs) - R
l@ NC Lo @, N e T 11] RS Qe
\ A \ A bu , N Wy uy
Y “D/ © \Dzﬁf K - wp o KB, RB, R RBL
-——— \:\‘:\\,\.\ \/ék/ /;—//_":/ UE_ - - Us & ) Datarate 1x14 = 14
‘cell#2 o Wy w2t
_____ I I [ ] [ I I RB, RB, RB; RB;
gNB cuU AJLQNB RRH+DU = Fronthaul 2 3 4567 8 9111213141516 17 18 Time (TTls) - 'h;

D A~z UE reporting CSI to DU

(a) (b)

Fig. 2.

Data rate 3x8 = 24
uz

(c)

RB; RB; RB; RB;

(a) C-RAN architecture of a multi-cell 5G RAN system. (b) Resource grid in 5G NR. Each block represents a basic time-frequency scheduling unit for

UEs. (c) An example of MCS selection for two UEs u1 and ua on 4 RBs. The colored blocks represent RBs with successfully transmitted data using usable MCS
indices. Shaded blocks represent RBs with no data transmission using high MCS indices.

A. Network and Traffic Model

We consider a multi-cell DL 5G RAN system where one gNB
serves a set of NV UEs in each cell.

1) C-RAN: In large-scale 5G RAN systems across multiple
cell sites within a geographical area, a cloud RAN (C-RAN)
architecture enables centralized processing and resource man-
agement, allowing for more efficient utilization of network
resources. Fig. 2(a) gives a C-RAN system comprised of one
centralized unit (gNB CU) connecting several distributed units
(gNB DUs) with remote radio heads (RRHs). In line with [34],
[35], each UE measures the reference symbol received power
(RSRP) from the cells that it can hear and creates its CQI
measurement set of maximum () cells it can connect to. The
measurement set contains the cell with the highest RSRP, de-
noted as the primary cell. The other () — 1 cells are deemed as
secondary cells within the power range of the UE. According to
3GPP [36], the CU performs radio resource management for the
entire multi-cell network and determines i) the DU that each UE
connects to (i.e., UE association) and ii) the resource allocation
for all the UEs connected to each DU (i.e., scheduling).

2) OFDMA Resource Grid: After the UE connects to a cer-
tain gNB DU,! the communication between the UE and the
gNB is through OFDMA-based 5G NR, where network resource
is organized as a resource grid that spans both the time and
frequency domains as shown in Fig. 2(b). In the time domain,
time is equally slotted into transmission time intervals (TTIs),
each of which consists of 14 orthogonal frequency-division
multiplexing (OFDM) symbols [36]. In the frequency domain,
the bandwidth of the operating channel is divided into a number
of uniform subbands, and each subband is denoted as a resource
block (RB). That is, within each TTI, there is a set of RBs
Bt ={blb € [1,2,..., B]} that can be allocated to the UEs for
transmissions, where B represents the total number of RBs in
the frequency domain.

3) Traffic Model: Communication in industrial applications
is typically characterised by two attributes, periodicity and de-
terminism, which together specify periodic traffic flows with
stringent timing requirements [1]. To simplify the notation, we
assume that each UE wu; € U (i € [1, N]) receives one trans-
mission flow, denoted as f; € F (i € [1,N]), from the gNB

'In the following, unless otherwise specified, gNB refers to gNB DU.

periodically.? Each f; is associated with a tuple (P;, D;, C;). P;
and D; denote the period and deadline of f; (in units of TTIs),
respectively, and we assume D; < P;. C; denotes the payload
size (in bits) which is the amount of information carried in each
instance of f;. The k-th instance of flow f; is referred to as packet
Di k- Its release time and absolute deadline are denoted as 7; j
and d; i, respectively.

4) Resource Allocation Type: Based on the 3GPP specifi-
cation [36], 5G NR supports two resource allocation types,
Type 0 and Type I. These types specify how the scheduler
allocates RBs for individual flows. In Type-0 resource allocation,
a bitmap string is used to specify the RB allocation, where
each bit represents the allocation of one RB. In Type-1 resource
allocation, RBs are allocated in a consecutive fashion, and it
is specified by a start RB index and the total number of RBs
allocated. Thus, Type-0 resource allocation is able to provide
better flexibility on RB allocation but requires a larger payload
size compared to Type-1 resource allocation. According to the
3GPP 5G NR physical layer specification [33], Type-1 resource
allocation must be applied when UE receives Downlink Control
Information (DCI) format 1_0 from the gNB, which is used to
schedule system information (e.g., Remaining Minimum Sys-
tem Information (RMSI) and Other System Information (OSI)).
In other scenarios, the gNB can select resource allocation types
according to specific application requirement(s). In this work,
we assume that the resource allocation type is determined by the
¢NB, and we provide scheduling methodologies for both types.

5) MCS Model: Besides RB allocation, the scheduler also
needs to select a proper MCS for each UE in each TTI [33].
As discussed in Section II, a larger MCS index generally leads
to a higher UE data rate. However, the maximum data rate that
can be achieved on one RB depends on the channel condition
between the UE and the gNB. If the channel condition on this
RB is poor but a high MCS is used, data may not be successfully
received by the UE.

Channel conditions can vary in both time (across different
TTIs, i.e., time-selective fading) and frequency (across differ-
ent RBs, i.e., frequency-selective fading). Variation of channel
condition in the time domain is mainly determined by motion
effects, e.g., UEs installed on moving objects and obstacles

>The model can be generalized by treating multiple flows of one UE as
multiple UEs.
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TABLE I
SUMMARY OF IMPORTANT SYMBOLS AND NOTATIONS

Parameter Definition Parameter Definition
ug, fi,1 € [1,N] UE set and flow set s8(t) sb(t) = 1if RB b is allocated to UE u; in TTI ¢
Bt The total set of RBs over the entire bandwidth T; Length of consecutive TTIs of each packet of f;
P;,D;,C; Period, deadline, and payload size of flow f; R;(t) The total amount of data transmitted to w; in ¢
qf The maximum usable MCS index of flow f; on RB b Rk The total amount of data transmitted to u; in packet p;
c(m) The achievable data rate under MCS index m m;(t) The selected MCS index for u; in ¢
Bi(z) The highest data rate function S;.1(S5) TTI duration (set) for packets p; , (flow f;) in phase 2
Bi, {B} An RB allocation and the candidate set for UE u; o;(B) The highest achievable data rate with RB allocation B

moving between UEs and the gNB [37]. The channel condition
is reported from individual UEs to the gNB through the CQI
either periodically or aperiodically, which is configured by the
Radio Resource Control (RRC) message(s). In the frequency
domain, channel attenuation, which suffers from severe fading
effects (e.g., reflective obstacles such as machines and walls),
is non-negligible, and thus, the channel condition between each
UE and the gNB varies on different RBs.

We denote M = {0, 2, ..., 28} as the set of 29 available MCS
indices defined in [33]. Let qf be the maximum MCS index that
can be used by UE w; on RB b € BT so that data carried on
b can be successfully received, and we have 1 < ¢¢ < |M]|. ¢°
is determined according to the subband CQI submitted by UE
u; on RB b, and this CQI value corresponds to a target spectral
efficiency based on the used CQI table in [33]. gNB then looks
up the MCS index table in [33], where the highest MCS whose
spectral efficiency does not exceed the CQI-derived target is
selected as ¢?. Let ¢(m) be the modulation and coding rate on an
RB under MCS m, and af’m be the achievable data rate on RB b
for UE u; under MCS m.. If m < qf’, the data can be successfully
transmitted, and the achievable data rate is ¢(m). Otherwise, i.e.,
m > qﬁ’ , the transmission fails with data rate being O [33]°. That

18,
: {g(m)

Note that, although each UE can be allocated multiple RBs in
one TTI, it must select and use the same MCS index m € M on
all the allocated RBs according to the PHY specification of 5G
NR [33]. For example, suppose there are 4 RBs in the frequency
domain (i.e., B = 4) and the channel conditions (i.e., qf) on the
4 RBs for two UEs 7 and us are shown in Fig. 2(c). If we select
MCS m = 1foruy,thendatacarriedon RBy, RBs and RB, can
be successfully transmitted, and the total datarateis 3 x 8 = 24.
If we select a higher MCS index m = 3, a higher data rate can be
achievedon RBy and RBy,i.e.,2 x 18 = 36. However, a higher
MCS index does not always lead to a higher data rate, according
to the measurement results in our motivational experiments. For
instance, setting a higher MCS index m = 2 for UE uy leads to
a lower data rate 14 compared to the data rate 24 that can be
achieved by setting m = 1.

Thus, the total amount of data transmitted to u; in ¢ across all
its allocated RBs, denoted as R;(t), can be calculated by

S (s om0,

beBt

ifm < ¢,
otherwise.

ey

R;(t) @)

where m;(t) denotes the selected MCS index for w; in ¢. Then,
the total amount of data transmitted to UE wu; in packet p; j
equals 0 Rk =3 c(,, , a; ) Fi(t). Table I summarizes the
important notations used in this paper.

B. 5G Real-Time Flow Scheduling Problem

Based on the above system model, the task of the network
resource manager at the gNB CU is to 1) perform user asso-
ciation to determine the gNB that each UE connects to and 2)
perform flow scheduling to determine a schedule for all the UEs
connected to each gNB.

Definition 1 (Schedule). A schedule specifies the following
resource allocation decisions for each UE u; in each TTI ¢.

e The RBs allocated to u;, i.e., {s(¢)|b € BT };

e The selected MCS index for u;, i.e., m;(t);

Given the definition of a schedule, the real-time flow schedul-
ing problem in 5G NR is formulated as follows.

Problem P (real-time flow scheduling): Given the UE set U,
flow set F, the modulation and coding rate ¢(m) on any RB, and
the maximum MCS index qf usable by UE u; on RB b, determine
a feasible schedule (if exists) that satisfies the deadlines of all
the packets released by the flows in F.

In the following sections, we first study the real-time flow
scheduling (i.e., Problem P) in single-cell 5G RAN networks and
outline our 5G NR scheduling framework. Then, we consider a
multi-cell C-RAN architecture and propose a UE association
approach to be incorporated into our scheduling framework.
Below, we first assume that Type-0 resource allocation is applied
and the channel condition is stable within each hyperperiod
(i.e., the least common multiple of all the flow periods), where
q? for each UE is updated once every H TTIs. We then consider
Type-1 resource allocation and extend the scheduling method to
account for dynamic channel conditions, where qé’ for each UE
is updated when the channel condition changes.

IV. PROBLEM ANALYSIS

In this section, we first contrast Problem P with traditional
real-time scheduling problems to identify its unique challenges
and analyze the complexity of Problem P. Then, we present an
SMT-based exact solution to determine a feasible schedule for
Problem P and present an overview of the proposed two-phase
scheduling framework.

3¢(m) and qib can be determined through channel estimation using existing
methods (e.g., [38]) and are assumed as given to the formulated scheduling
problem in this paper.
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A. Comparison With Multiprocessor Scheduling

Problem P is markedly distinct from traditional real-time
scheduling, particularly the multiprocessor scheduling prob-
lems, and their differences are detailed below.

In Problem P, each flow f; € F can be considered as a
real-time task with period P;, deadline D; and execution time
C; where executing a task for one time unit on a processor is
equivalent to a user transmitting one unit-size data in one TTIL.
Since flow f; can be transmitted on an arbitrary number of RBs in
one TTI simultaneously, it bears similarities with a preemptable
malleable task [39] that can be scheduled for execution on any
number of parallel processors. The set of RBs b € B in the
frequency domain can be considered as the set of processors.
However, the problems differ in terms of the processing speed
models.

On a homogeneous multiprocessor platform, tasks are exe-
cuted on a set of identical processors, each providing a uniform
processing speed s. On heterogeneous platforms, the processing
speeds of processors are either task-independent [40] or task-
dependent [41]. In the former case, each processor p; has a
uniform processing speed sy, for all tasks running on it. While in
the latter case, the processing speed of processor py, denoted as
i, varies depending on which task (with index ¢) is executed
by py. As a comparison, in Problem P, the achievable data rate of
flow f; on each RB b is determined by one additional factor, i.e.,
the selected MCS level m, thus the “processing speed” of RB b
can be denoted as s; ;, ,,. Moreover, the fact that each UE must
select one MCS level for all the allocated RBs makes Problem
P more complicated since the “processing speed” of each RB
also depends on which RBs are allocated to the flow.

Note that Problem P also bears similarities with the DVFES (dy-
namic voltage and frequency scaling) scheduling problems [42]
where the speed of each processor varies by adjusting its voltage
and frequency. However, in DVFES scheduling problems, tun-
ing the speed (i.e., voltage/clock frequency) of each processor
assigned to a task is typically done independently, whereas in
Problem P, the MCS level selection for a flow on all its allocated
RBs must be identical.

B. Complexity Analysis

To quantify the complexity of Problem P, we first show that
Problem P under Type-0 and Type-1 resource allocations is both
NP-hard. We then analyze its solution space.

Proving that Problem P under Type-0 resource allocation is
NP-hard can be done by reducing the set packing problem [43]
to this problem. Below, we focus on proving the strong NP-
hardness of the Type-1 resource allocation case.

Lemma 1. Problem P under Type-1 resource allocation is NP-
hard.

Proof. We prove the lemma by reducing 3-partition [44],
which is NP-hard in the strong sense, to a special case of this
problem. The 3-partition problem is defined as follows: Given
a positive integer B and a collection A = (x1, 2, ..., T3y) of
positive integers such that Y x; = mB, % <z < g for each
1 <4 < 3m. The 3-partition problem is to determine whether A
can be partitioned into m disjoint sets { A1, As, ..., A, } such

1325

that each A, 1 < k < m contains exactly 3 elements of A and
ZwieAk z; = Bforeachl < k < m.

Given a 3-partition problem, we can construct a special case of
the SISO version of Problem P under Type-1 resource allocation
in polynomial time as follows:

1) The flow set 7 = {F1, F2} consists of two sub-flow sets
each of which contains 3m and m — 1 flows, respectively. The
periods and deadlines of all the flows in F equal to 1. For each
integer x; € A, we constructa flow f; € F; with payload size of
Z;,4 € [1,3m)]. For sub-flow set F», we construct m — 1 flows
and each f; € F5,j € [1,m — 1] has a payload size equal to
C =maxy,eax; + 1.

2) There are in total mB+ (m—1) RBs in the

frequency domain. We wuse a vector K ={l,...,1,

——r

c1,...,1,C,...,C,1,...,1} to denote the amount of
—— ——

data that can be transmitted by all the flows in F on each RB
b, where each 1, ..., 1 represents B consecutive RBs, each of

which provides a unit data rate that equals to 1. The number of
such consecutive RB sets with unit data rate equals to m and
there are m — 1 RBs each of which provides data rate of C'.

Next, we show that a feasible RB allocation for flow set F
can be found if and only if there exists a partition of A in the
3-partition problem.

We first prove the “if” direction. If collection A can
be partitioned into m disjoint sets {A;, Aa,..., A, } where
each Ap,1 <k <m contains exactly 3 elements of A and
> w,ea, Ti = B for each 1 <k < m, we can map each flow
fi € Fitoanelement z; € A. Then, any 3 flows corresponding
to each set Ax,1 < k < m can be allocated with a set of RBs
1,...,1 with totally B unit data rate RBs. Since the data rate
——r

requirements of any 3 flows in A equals to B and all the RBs
in 1,...,1 are with unit data rate, we can allocate a set of
—

consecutive RBs to each flow under Type-1 resource allocation
such that the requirements of all the flows are satisfied.

To prove the “only if” direction, we assume flow set F is
schedulable on resource block set K. Since C' > maxy,ca i,
if RB C'is allocated to any flow f; € F7, the rest of RBs cannot
satisfy the data rate requirements of all the other flows. Because
Type-1resource allocation is applied, each flow must be assigned
a set of consecutive RBs. Since the payload size of each flow
fi € Fy satisfies % <x < %, each set of RBs 1,...,1 must

——

be allocated to 3 flows. Therefore, an RB allocation to flow set
F1 is a feasible partition of A. This completes the proof. g

Next, we analyze the solution space of Problem P. The gNB
needs to allocate B RBs among N UEs and assign each UE an
optimal MCS (among 29 possible levels) in each TTI within the
hyper-period H. This gives a total number of (N B . (29)V)H
possibilities in the solution space. Consider a typical industrial
5G NR system, this number can be on the order of 10*8¢* (e.g.,
N =50, B =100, H = 200).

C. SMT Formulation

Given the NP-hardness of Problem P which exhibits combi-
natorial characteristics, we present an approach based on the
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Satisfiability Modulo Theory (SMT) to determine a feasible
schedule for the flow set. According to the definition of schedule
in Definition 1, we define RB allocation s?(¢) and MCS level
selection m; (t) for each flow f; as integer variables in the SMT
context and generate assertions that correspond to the scheduling
constraints described in Section III as follows.

Data amount constraint. Given the timing requirement of each
flow f; € F,i.e., atleast C; amount of data must be transmitted
within [r; ., d; ;) for each released packet p; 1, we have

VZ,Vk' : Ri,k Z Oz

RB allocation constraint. If Type-0 resource allocation is
applied, no additional constraint is needed. Otherwise, under
Type-1 resource allocation, each flow must be assigned a set of
consecutive RBs in each TTI. Thus, we have

Vi, Y,V 0 € [1,N —1],0 # b :
(s () = sY (1) = 1) A (82 E) = s (1) = 1),

Based on the above formulation, an SMT solver (e.g., Z3)
can be applied to find a feasible schedule (if exists) to satisfy
the timing requirements of all the flows. However, the SMT-
based solution suffers from severe scaling challenge due to
the extremely large search space of Problem P. The running
time of the SMT-based approach explodes quickly when the
number of flows and RBs becomes large. Experimental results
in Section VIII demonstrate this point quantitatively. To tackle
this, the main focus of this work is to design an efficient and
effective scheduling framework that can be used in large-scale
5G RAN systems.

D. Overall Scheduling Framework

In this work, we design a two-phase scheduling framework,
named 5G-TPS, to judiciously reduce the search space following
a set of insights. The key principle of 5G-TPS is to maximize
the channel efficiency for all the UEs such that all the flows can
meet their timing requirements.

At the highest level, we adopt a channel condition aware
approach to generate a schedule for all the flows f; € F. Specif-
ically, when the network channel condition is stable within
each hyperperiod, we apply the same RB allocation to each
flow in all its scheduled TTIs. This approach has one distinct
advantage. That is, it reduces the overhead for communicating
Downlink Control Information (DCI). Note that, individual RB
allocations across different TTIs require multiple DCI messages,
each of which specifies one RB allocation with individual TTI
information and MCS index. This incurs large control resource
overhead, which, in turn, reduces the amount of network re-
sources allocated to PDSCH for transmitting actual data. If an
RB allocation is ‘satisfactory’ to all the flows in F in one TTI, it
is not necessary to make any adjustment on the RB allocations
in other TTIs when the maximum usable MCS index qf»’ for
each UE is not changed (Theorem 1 below demonstrates this
observation). Thus, using the same RB allocation for each flow
in all its scheduled TTIs is sufficient.

Based on the general approach outlined above, in Phase 1
of 5G-TPS, we aim to find a feasible RB allocation across all
the TTIs in the hyperperiod to satisfy all the flows’ deadlines.
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Section V describes the details of Phase 1 of 5G-TPS. If Phase
1 fails, i.e., an RB allocation satisfying the deadlines of all
the flows cannot be found, Phase 2 is activated to adjust the
RB allocations based on the output of Phase 1. Specifically,
the redundant RBs allocated to certain flows in the unused
TTIs, together with some unallocated RBs, will be judiciously
assigned to the unschedulable flows to meet their deadlines.
Section VI describes the details of Phase 2 of 5G-TPS.

If the channel condition changes within each hyperperiod
in the form of ¢? update from each affected UE, we perform
schedule adjustment among different flows, in terms of MCS
index re-selection and RB allocation adjustments. Details of the
schedule adjustment will be discussed in Section VII-B.

V. RB ALLOCATION IN PHASE 1 OF 5G-TPS

In this section, we describe Phase 1 of 5G-TPS by focusing
on two questions: i) what is a feasible RB allocation that is
satisfactory to all the flows? and ii) how to find such a feasible
RB allocation?

A. Flow Set Schedulability

To answer the first question, we introduce a lemma to help
define the feasible RB allocation for each flow (i.e., answering
the first question in Phase 1 design).

Lemma 2. If the amount of transmitted data per TTI is larger

than or equal to {Cl —‘ , flow f; is schedulable, i.e., satisfies the

D;
deadline.
The proof of Lemma 2 is straightforward and thus omitted.
According to Lemma 2, an RB allocation for flow f;, denoted
as B; C BT, is defined as feasible if the total amount of data

transmitted on RBs b € B; in one TTI is larger than or equal to
C;

D; |
the schedulability of flow set F.

Theorem 1. If an RB allocation for all the flows f; € F(i €
[1, N]) in one TTIL denoted as © = {By, Ba, ..., By}, satisfies
the following three constraints, flow set F is schedulable.

Constraint 1. Each RB allocation B; € © is feasible for f;
according to Lemma 2.

Constraint 2. Each RB b € BT can be allocated to at most
one flow in each TTIL.

According to Lemma 2, Constraint 1 guarantees that each flow
fi is schedulable with allocated RBs in B;. Thus, the theorem
apparently holds. Constraint 2 guarantees that no transmission
interference occurs between any two UEs. To find a feasible RB
allocation © for F (i.e., answering the second question in Phase 1
design), we first determine a feasible RB allocation candidate set
for each flow f;, denoted as {3} (i.e., each B; € {B;} satisfies
Constraint 1). We then formulate an RB allocation selection
problem to select one RB allocation B; for each flow f; from its
candidate set { B} }. Below, we elaborate on these two steps.

—‘ Based on Lemma 2, we give the theorem below to define

B. RB Allocation Candidate Set Generation

Over the entire network bandwidth, there exists a large num-
ber of RB allocations for each flow (e.g., >0, (5) =25 —1
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Fig. 3. (a) An example of the highest data rate function 3;(x). The dashed
line represents the required data rate. (b) The channel conditions of user u; on
a network with 8 RBs.

if all RB allocations are feasible) satisfying Constraint 1, cre-
ating an extensive search space for the RB allocation selection
problem. To improve the search efficiency, we aim to generate
a small RB allocation candidate set {88} } for each flow f;, and
only include in it the most promising RB allocations, instead
of solving in one shot the RB allocation problem based on all
feasible RB allocations of each flow.

Generating {B}} out of all feasible RB allocations is a
challenging task. To tackle this, we explore the relationship
between two critical factors: i) the number of RBs allocated
to each flow and ii) the achievable data rate of each flow. The
number of RBs allocated to a flow impacts the available RB
allocations for other flows in F since the limited number of
RBs over the entire bandwidth are shared by all the flows. On
the other hand, the achievable data rate of each flow determines
its own schedulability. According to Lemma 2, the feasible RB
allocations must have achievable data rate larger than or equal

to [%-‘ Furthermore, higher data rates for each UE w; at a

given number of RBs are more desirable since each packet of f;
can transmit the required C; amount of data using fewer TTIs,
where the RBs within the unused TTIs can be utilized by other
flows to complete their data transmissions in Phase 2. Thus, we
introduce the highest data rate function for each flow to aid us
in identifying all the flow’s feasible RB allocations.

Definition 2 (Highest data rate function 5;(x)). B;(x) is the
highest data rate that can be achieved by f; if  number of RBs
in BT are allocated to f;.

Obtaining S;(x) is to find 2 RBs with the ‘best’ channel
conditions such that flow f; can achieve the highest data rate.
B;(x) can be calculated by traversing the maximum usable MCS
index ¢® onall the RBs b € B+ in adescending order, and storing
the highest data rate achieved using each MCS index ¢?. This
process ends until we find at least z RBs with the maximum
usable MCS index equal to the current ¢? value. For example,
Fig. 3 shows 3;(x) for flow f; on a network with 8 RBs. When
calculating 3;(4), it starts from ¢? = 3, and only three RBs
are with the maximum usable MCS index equal to 3, thus the
achievable data rate is 3 x 18 = 54. We proceed with qf =2,
and 6 RBs (larger than 4) are with the maximum usable MCS
index equal to 2 where the achievable data rate is 4 x 14 = 56.
Thus, we have 3;(4) = 56.

As depicted in Fig. 3, all the RB allocations resulting 3;(z) >

[g’ﬁ-‘ (x < B) can form an RB allocation candidate set {8}
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for flow f;. However, the size of this set is still large due to
two reasons: i) large networks may have a significant number of
RBs (i.e., a large B), and ii) each /3;(z) value can correspond to
multiple RB allocations. For example, in Fig. 3, 5;(2) = 36 and
there exist three RB allocations with o;; ({3,5}) = a;({3,8}) =
a;({5,8}) = 36, where a;(B) denotes the highest achievable
data rate with RB allocation B.

Therefore, we outline our findings through several important
lemmas below, which provide guidelines on reducing the set
of considered feasible RB allocations, i.e., generating the RB
allocation candidate set {5} for each flow f;.

Lemma 3. The highest data rate function (;(z) is seg-
mented by piecewise linear functions of z, denoted as 3;(x) =
{Bij(x) = c((y) - wlw € {ajm; + 1.....7}}}, where c((;)
denotes the achievable data rate under MCS index (;. For any
two linear segments f3; ;(x) and §; ,(z), if z; < xj, we have
c(¢5) > c(Cn)-

Proof Sketch. When the number of RBs having a larger usable
MCS index (; is greater than the current value x, (; can be
selected as the MCS index and $3;(z) increases with the same
increment ¢(¢;). When z is greater than the number of RBs
having (;, a smaller MCS index (j, has to be selected and the
slope of §;(x) reduces to ¢((p). O

Lemma 3 indicates that when x increases, if §;(xz) transfers
to another linear function, the maximum usable MCS index to
achieve §;(z) decreases. This leads to a set of RBs on each
of which flow f; transmits under a MCS index lower than ¢.
For example, in Fig. 3, 3;(4) = ;({1,3,4,5}) and the MCS
index usedis m = 2,1i.e.,¢(2) - 4 = 14 x 4 = 56. However, the
maximum usable MCS index on RB3 and RBs is 3. That is,
the channel efficiency achieved on these two RBs decreases.
Therefore, Lemma 2 motivates us to only select the values of x
within the first linear function of /3; () that satisfies Constraint 1,

ie., Bi(x) > [gi —‘ . For instance, in Fig. 3, the set of considered
number of allocated RBs in the candidate set is reduced from
x€{2,3,...,8 tox € {2,3}.

Lemma 4. Consider the number of allocated RBs z following
a same linear function, i.e., 8;(z) = ¢((j) -z, € {zj,z; +
1,...,z;}. For any RB allocation B'(z; +1 < |B'| =2’ <
xj) such that o;(B') = B;(2’), there must exists at least one
RB allocation B°(|B°| = z;) such that «;(B°) = f;(z;) and
B¢ is a subset of B/, i.e., B° C B'.

Proof. Since 2’ and z; follow a same linear function, accord-
ing to Lemma 3, §;(2') = c(qu) -z’ and B;(z;) = c(qu) ST
Thus, for any RB allocation B’ such that a;(B') = c(qu) -,
there exist 2’ > x; RBs with the maximum usable MCS higher
than or equal to qf 7. Then, we can have an RB allocation
B° C B’ by selecting arbitrary ; RBs in B such that o;(B°) =
car’) - x5 = Bila;). _

Lemma 4 indicates that any RB allocation resulting in 3;(x")
is a superset of an RB allocation resulting in ;(x;), if ' and
xj (2’ > x;) follow a same linear function. This motivates us to
only consider the minimum value of x within a linear function
of 5;(x) that satisfies Constraint 1. For instance, in Fig. 3, the
set of considered number of allocated RBs is further reduced
from = € {2,3} to x = 2. Based on Lemma 3&4, we can
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determine the RB allocation candidate set {53}} for each flow
fi as follow.

RB allocation candidate set determination. We determine
the number of RBs allocated to flow f;, denoted as z}, as the

Ci
D; |’

B resulting «;(B) = f5;(x}) is included in the RB allocation
candidate set {3} }. For example, in Fig. 3, z} = 2 and {B;} =

{Bloi(B) = Bi(2)} = {{3,5},{5,8},{3,8}}.

minimum 2 satisfying 3;(z) > { and any RB allocation

C. RB Allocation Selection

After an RB allocation candidate set {55;} is generated for
each f;, we need to select one RB allocation B; € {BB}} for each
fi such that Constraint 2 is satisfied. If a feasible RB allocation
cannot be found for any flow in F, Phase 2 is triggered to adjust
the RB allocation based on the output of Phase 1. Therefore,
we formulate an RB allocation selection problem P1 as an
optimization problem to maximize the number of schedulable
flows in Phase 1.

Problem P1. Given the RB allocation candidate set {3; } for
each flow f; € F, determine a schedulable flow set F; where 1)
each flow f; € F is assigned with an RB allocation B; € {B;},
ii) Constraint 2 is satisfied, and iii) the size of F; is maximized.

Problem P1 is NP-hard since it is equivalent to the set packing
problem and any heuristic designed for solving a set packing
problem can be applied to solve P1 (e.g., [45]). The high-level
idea is to determine the RB allocation for flows in the increasing
order of their candidate set size (i.e., ;). In each iteration
for f;, we select the first RB allocation B; € {8} satisfying
Constraint 2 given all the RB allocations of the previously
scheduled flows. The time complexity is O(NW B) where W
is the maximum size of {B}} among all the flows.

VI. RB ALLOCATION IN PHASE 2 OF 5G-TPS

In Phase 1, each flow f; is allocated the same set of RBs in all
the TTIs within the hyperperiod. This may allocate unnecessary
RBs for certain flows in the time domain, i.e., some redundant
RBs may be allocated in certain TTIs following the same RB
allocation setting in Phase 1. This waste of resources may lead
to unschedulable flows. To solve this issue, this section presents
a solution to Problem P in Phase 2 to satisfy the real-time
requirements of the unschedulable flows by using those RBs
in certain TTIs.

A. Remaining RB Set

The remaining RBs in the output of Phase 1 include unallo-
cated RBs and unused RBs. The former are the set of RBs that
are not allocated to any flows in Phase 1. The latter is the set of
RBs that are allocated to UEs but not used by the corresponding
flows in certain TTIs.

Remaining RBs. As described in Section V-B, if the achieved
data rate of flow f; in some TTIs is larger than the requirement

basedon Lemma?2 (i.e., B;(x*) > [g —‘ ), f; only needs [%—‘
TTIs to complete the transmission of each released packet, where
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Fig.4. Tllustration of Phase 2 scheduling for flow f; using the remaining RBs.
The colored blocks represent the RB allocation for scheduled flows in Phase 1.
The white blocks represent the remaining RBs. The patterned blocks represent
two feasible RB allocations for f;.

the RBs in the rest P, — [%-‘ TTIs are not used. As an
example, the white blocks in Fig. 4 represent the remaining RBs

in the time domain.

B. Phase 2 Overview

In Phase 2, we use the remaining RBs to generate a feasi-
ble schedule for each unschedulable flow f; € Fo = F — Fq,
where 7 is the set of flows feasibly scheduled in Phase 1. Specif-
ically, for f; we determine the RB allocation and MCS index
in the frequency domain and the scheduled TTIs. In the time
domain, we schedule each packet of flow f; in a consecutive set
of TTIs to reduce control overhead, given that each DCI message
only carries 4 bits for the time domain resource assignment by
specifying the start TTI index and the number of TTIs according
to 3GPP specification [46].

Thus, in Phase 2, we assign each packet p;; of flow f; €
F> with a feasible schedule specifying RB allocation B; (with
the optimal MCS index m) in the frequency domain, and TTI
duration (denoted as S, = [t; k. t;, + T;))inthe time domain,
where t; 1, and T are the start TTI and length of the consecutive
TTIs, respectively. That is, all the packets released by flow f;
share the same {3, T} } configuration with individual start TTIs
t; 1. Theorem 2 below specifies the schedulability of flow set F».

Theorem 2. 1f the schedule of each flow f; € F», denoted
as {B;, S;} where S; = {5} pjr=1,2,... }, satisfies the following
constraints, flow set 5 is schedulable.

Constraint 3. For any packet pj; r, tjr > 7j 1, tjr +1; <
rik T Dj, and Oé(Bj) . ,T] > ;.

Constraint 4. B; cannot share a common RB in a TTI with
any B; (f; € F).

Proof Sketch. Constraint 3 guarantees that the total amount
of data transmitted over RBs b € B; in [t ., t; 1 + 1) is larger
than or equal to ;. Constraint 4 guarantees the interference-free
transmissions of UEs.

To summarize, since both the RB allocation in the frequency
domain and the TTI configuration in the time domain are consid-
ered for flows in Phase 2, we generate the schedule for each flow
f; € F» inaniterative fashion to avoid combinatorial explosion
among RB allocations for all the flows in different TTIs. In each
iteration, given the set of remaining RBs within TTIs [1, H], we
i) determine {B;, S;} for flow f; with the highest utilization
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(b)Identify the common RBs  (C) Determine the feasible
of all the packets of flow fi schedule (B, S}
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(a) Identify the remaining RBs for each packet

Fig. 5. Illustration of the feasible schedule generation for flow f;. (a) The
white blocks represent the remaining RBs of packet p;  and pj . 41. (b) The
patterned blocks represent the common RBs of the two packets. (c) The orange
blocks represent the determined feasible schedule for f;.

(i.e., Cj/P;) in F; since f; typically requires more RBs in each
TTI than the other flows, and ii) update the set of remaining RBs.

C. Feasible Schedule Generation

In this section, we describe how to generate the feasible
schedule {B;,S;} for flow f; using the remaining RBs. We
first give the problem formulation.

Problem P2. Given the set of remaining RBs, the specification
of flow f;, determine a feasible schedule {13, S; } satisfying the
constraints in Theorem 2.

A feasible schedule {B;,S;} specifies a ‘rectangle’ with
|B;j| RBs in the frequency domain* and 7} TTIs in the time
domain. According to Theorem 2, we need to guarantee two
requirements: (i) the rectangle must exist within the period of
each packet p; ., and (ii) the amount of data transmitted in the
rectangle must be larger than or equal to C'; to meet the deadline
of each p; ., i.e., satisfying Constraint 3.

To satisfy requirement (i), we traverse the set of remaining
RBs usable by the packets p; j|r—1,2,...and identify the common
RBs (i.e., RBs in the same relative TTIs in each period) of all the
packets (see Fig. 5(a) and (b)). For requirement (ii), generating a
feasible schedule satisfying Constraint 3 is equivalent to finding
a rectangle of area Cj, where the length equals to 7} and the
height equals to ¢(m) - |B;]| (see Fig. 5(c)). Here, since the data
rate of individual RBs is different, the width of the rectangle is
not only determined by the number of RBs, |B;|, but also the
set of allocated RBs and the corresponding MCS index. This
problem with non-identical RBs is a variation of the largest
empty rectangle problem where many efficient algorithms can
be applied, e.g., [47].

The main functions in Phase 2 are summarized in Algorithm 1.
The computational cost of the algorithm is dominated by line 6,
where the largest empty rectangle search is invoked once per
packet. Given the identified common RBs in a resource grid of
atmost H TTIs and B RBs, the search runs in O(H B log(H B))
time according to [47]. With at most |F5| - % packets han-
dled in the hyperperiod, the time complexity of Algorithm 1 is
O(|Fs| - 32 - H - Blog(H B)).

As proved in Section IV-B, Problem P is NP-hard in the strong
sense, so SG-TPS aims to generate a schedule for flow set F in
an efficient and effective manner. For this reason, some feasible
solutions of Problem P may be pruned from the search space.
For example, Phase 1 accepts only the smallest RB set that meets

“Here we refer to a logical rectangle since the RB allocation in the frequency
domain may not be consecutive.
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Algorithm 1: Schedule Generation in Phase 2.
1: Sort flows in F> in the decreasing order of flows’
utilization;
2: Determine the set of remaining RBs within [1, H];
3:for f; € F> do
4: for each packet p; 3, do
5: Identify the common RBs of all the packets of f;;
6: Determine the feasible schedule {8;, S;} for flow
Iy
7: end for
8: Update the set of remaining RBs;
9: end for

a flow’s data-rate demand, and Phase 2 sequentially generates
schedules for flows in decreasing-utilization order. Therefore,
our solution only provides a sufficient schedulability condition
for flow set F. That is, a schedulable flow set F may be deemed
as unschedulable by 5G-TPS, i.e., Phase 2 fails to find a feasible
schedule for any flow f; € Fo.

VII. EXTENDING THE SOLUTION FRAMEWORK

In the previous sections, we consider a single-cell 5G RAN
under Type-0 resource allocation, assuming that the channel
conditions of individual UEs are stable. In this section, we
generalize our system model and extend the 5G-TPS frame-
work by considering multi-cell 5G RAN under Type-1 resource
allocation with dynamic channel conditions.

A. Type-1 Resource Allocation

In the following, we describe how to solve Problem P under
Type-1 resource allocation (i.e., each UE is allocated with a set
of consecutive RBs within each TTI) using 5G-TPS.

The constraint posted by Type-1 resource allocation intro-
duces a key difference from Type-0O for the RB allocation of
each packet in the frequency domain, i.e., the calculation of the
highest data rate function 3;(x). Since the RB allocation under
Type 1 is a special case of that under Type 0, the properties
regarding (3, (x) (i.e., Lemmas 3&4) still hold. Therefore, below
we focus on describing the differences in the calculation of /3; (z:)
such that a feasible schedule under Type-1 resource allocation
can be found according to Theorem 1.

According to the description in Section V, §;(z) is calculated
by selecting the maximum = RBs B C BT and |B| = z. Then,
Bi(x) = a;(B). Under Type-1 resource allocation, the only dif-
ference is to select the RB allocation B containing x consecutive
RBs. This can be done by enumerating at most B possible RB
allocations, each of which starts from an RB b € B+. Then, the
candidate set containing multiple RB allocations with consecu-
tive RBs is constructed in phase 1. Another noteworthy differ-
ence exists in phase 2 when we generate a feasible schedule using
the identified common RBs. The requirement of consecutive
RBs constrains the target to be a rectangle instead of a logical one
as in Phase 1. Type-1 resource allocation imposes an additional
RB allocation constraint to Problem P. Thus, the schedulability
of a flow set under Type 1 is inevitably lower than that under
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Fig. 6. The network execution model for handling dynamic channels.

Type-0 resource allocation, also to be shown in the evaluation
section. However, as discussed in Section III, Type-1 resource
allocation is mandatory in certain scenarios (e.g., system in-
formation transmissions). Our two-phase scheduling framework
supports both types of resource allocation and is more practical
for deployment in real industrial 5G applications.

B. Dynamic Schedule Adjustment

In industrial 5G NR, the channel condition between a UE
and the gNB can vary over time caused by moving obstacles,
multipath propagation and interference from other devices, etc.
In this section, we generalize the system model to consider
channel dynamics and present a dynamic schedule adjustment
method based on the two-phase design of 5SG-TPS.

As shown in Fig. 6, when the network channel condition is
stable, the schedule of each UE is carried out through the DCI
messages on PDCCH (Physical Downlink Control Channel) to
meet the timing requirement of each flow. Upon any channel
condition change being measured by UE ., it sends an updated
CQI report to the gNB on PUCCH (Physical Uplink Control
Channel) to specify the new ¢ values on certain RBs b € B™.
To respond to the channel condition change, the gNB adjusts the
schedule(s) for u. and other UEs if needed, and transmits the
updated schedule via the subsequent DCI messages.

The gNB may receive multiple updated CQI reports from
different UEs within a short time interval before completing
the updated schedule generation. In this case, the gNB just
recomputes the schedules for all the affected UEs. Therefore,
we follow an event-triggered mechanism to perform schedule
adjustment at the gNB, when the channel condition changes for a
particular UE u., with the aim to satisfy the timing requirements
of all the flows. The schedule adjustment problem can be defined
as follows.

Problem P3. Given the updated set {¢°|(b € B*)} for UE u,,
the schedule of each flow f; € F, (i.e., the RB allocation 5; and
the TTI assignment {[t; »,¢; 1 + T3k = 1,2,...}), determine
the schedule adjustment to meet the deadlines of all the flows
fieF.

The channel condition change of w, consists of three cases.

Case 1: Vb € B.,a™ = c(m). In this case, the maximum
usable MCS index ¢’ on each allocated RB b is still larger than
or equal to the selected MCS m. That is, the achieved data rate
on BB, of flow f, in each scheduled TTI still satisfy the data rate
requirement according to Lemma 2. Thus, the gNB does not
need to adjust the schedule for flow f..

Case 2: 3 € B,a?™ < c(m), but I, a(B) > [S=].1n
this case, the maximum usable MCS index qg on certain allocated

RB(s) b is smaller than the selected MCS m, and the achieved
data rate on each of these RB(s) drops to 0 according to the
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Algorithm 2: User Association.
1: Sort UEs in the decreasing order of flows’ utilization;
2: for u; € U do
3: Sort G; in the decreasing order of channel conditions;
4: for g, € G; do
5: if a feasible schedule can be generated for u; and all
the UEs associated to g;; by 5G-TPS then
6: u; is associated to g;i;
7: end if
8: end for
9: end for

MCS model. However, another MCS index m' can be used to
achieve a data rate higher than or equal to the requirement, i.e.,
a(Be) > [%—‘ . Thus, the gNB only updates the MCS index in
the updated schedule for ..

Case 3: Ym € [0,28],a(B.) < {%—‘ In this case, the
amount of data that can be transmitted by each packet of f,
is less than its payload size according to its current schedule,
thus the schedule needs to be adjusted.

To handle Case 3, we use the remaining RBs to adjust the
RB allocation of f. to meet its timing requirement. Specifically,
we identify all the remaining RBs along with the RBs allocated
to f. and perform RB re-allocation for f, using Phase 2, i.e.,
solving Problem P2. If using the remaining RBs cannot satisfy
the timing requirement of f, for the channel condition change,
we re-generate the schedule for all the flows f; € F using Phase
1 and Phase 2.° If Phase 1 and Phase 2 fail, we deem that flow
fe 1s unschedulable after channel condition change.

Schedule Update Frequency. In harsh industrial environments,
channel conditions may fluctuate frequently, making frequent
schedule regeneration costly due to both computational over-
head (recomputing schedules) and communication overhead
(disseminating updates via DCI messages). As a trade-off, our
framework can incorporate a conservative channel state estima-
tion strategy by using a lower-bound (i.e., more conservative)
estimate of the maximum usable MCS index. This approach
increases the tolerance of the generated static schedules to
moderate channel variations and reduces the need for frequent
rescheduling.

C. C-RAN User Association

Inalarge-scale 5G RAN system with the C-RAN architecture,
the gNB CU needs to perform user association to determine
the gNB DU that each UE connects to. Ideally, all UEs would
connect to their primary cells with the best channel conditions.
However, in practice, this could lead to overload in certain cells,
resulting in failure to meet the timing requirements of specific
flows. Many studies in the literature have explored resource
allocation for 5G C-RAN (e.g., [48], [49], [50]), including
aspects of user association. However, these studies primarily
focus on enhancing network throughput, increasing data rates,

3 Adjusting only a subset of flows does not save much control overhead since
each flow without adjustment still needs DCI messages specifying its subsequent
schedule.
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and optimizing energy consumption rather than addressing the
stringent real-time requirements of industrial applications. Our
objective differs as we seek a user association method that
can effectively integrate with our proposed SG-TPS framework
while satisfying the real-time requirements of all the flows. The
UE association problem can be defined as follows.

Problem P4. Given the UE set U, the cell set G, =
{9i1,gi2s - - -, gio} that each UE w; can connect to based on
the CQI measurement information, the flow set F and all the
input specified in Problem 1, determine the gNB DU that each
UE connects to such that the real-time requirements of all the
flows are satisfied.

The solution space of Problem P4 can be extremely large since
its optimization version (i.e., maximizing the flows satisfying
their deadline requirements) has non-convex and combinato-
rial structure. Therefore, we propose an efficient and effective
heuristic integrated with 5G-TPS to determine the user associa-
tion and schedules for all the UEs connecting to each gNB. If we
simplify all the gNBs as bins of unit size and each UE with the
corresponding flow as an item of size between 0 and 1, Problem
P4 becomes the Bin Packing problem. Thus, we can leverage
the insight of first-fit-decreasing (FFD) algorithm [51] which is
an effective approximation solution.

The high-level idea of the proposed user association heuristic
is to prioritize associating each UE to the gNB with the best
channel condition, as long as the resources of this gNB can sat-
isfy the real-time requirements of all the flows communicating
with it. Algorithm 2 shows the pseudo-code of the heuristic. We
prioritize UEs based on the utilization of their corresponding
flows (i.e., C;/ P;) since flows with higher utilization are gener-
ally more challenging to schedule. At each iteration for UE u,,
we traverse the gNBs in G;, ordered from best to worst channel
conditions. If 5G-TPS can generate a feasible schedule for the
u; and all other UEs already associated to a certain gNB, w; is
then associated to that gNB.

VIII. PERFORMANCE EVALUATION

This section presents the experimental evaluation through
extensive simulations to evaluate the proposed 5G-TPS frame-
work. Although we built a real-world 5G RAN testbed, as
described in Section II, conducting 5SG-TPS performance eval-
uations on the testbed is not feasible for two reasons. From the
hardware aspect, the current 5G testbed consists only of one gNB
and one UE, and the high cost of USRP devices makes it difficult
to create a large-scale testbed for the experimental evaluation
of a large set of UEs. From the software aspect, the OAI 5G
project currently only supports wideband CQI report, where the
UE measures the channel condition and reports a single g; for the
entire bandwidth. However, the scheduling mechanism proposed
in this work is based on 5G subband CQI report (i.e., qf-’ per RB),
which is not on the OAI’s roadmap in the near future and the
implementation of subband CQI is non-trivial® and out of the
scope of this work.

Ohttps://lists.eurecom. fr/sympa/arc/openair5g-user/2023-01/msg00105.
html.
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A. Experiment Setup

To evaluate the performance of 5G-TPS under various net-
work settings, we generate a large number of random synthetic
flow sets. To speed up the simulation, which involves many net-
work nodes, we do not perform computational PHY processing
of the air interface but focus on the MAC layer scheduler evalu-
ation. We consider a 10 MHz bandwidth network consisting of
50 RBs, i.e., B = 50. Each real-time traffic flow f; is randomly
generated with payload size C; and period (deadline) P;(D;)
drawn from the uniform distributions over [20, 1024] bytes and
[1,20] ms, respectively.

1) Variables: The variables used in the experiments include
the number of RBs B, the number of flows N and the normalized
flow setutilizationU* € (0,1] whereU* =3, _» W
Here, U* captures the flow set workload on one resource block
with the maximum modulation and coding rate ¢(|M]). U* = 1
means that the flow set is potentially schedulable only if the
maximum MCS level | M| can be used by each UE on all RBs
b € BT (i.e.,under ideal channel conditions). Type-0 and Type-1
resource allocation settings are evaluated separately.

2) Metrics: We use the following evaluation metrics. First,
in the stable channel condition, we use the Schedulability Ratio
(SR) to evaluate the performance of 5G-TPS in finding a feasible
schedule. SR is defined as the ratio of feasible flow sets according
to Theorem 1 to all the generated flow sets; In the dynamic
channel condition, we use the number of Deadline Missed flows
(DM) to evaluate the effectiveness of SG-TPS in schedule adjust-
ment. In addition, we evaluate the channel efficiency of all the
methods by comparing the average Transport Block size (TBS)
and the number of used RBs by individual methods across the
entire hyperperiod. Since the focus of this work is studying the
traffic real-time performance, another metric used is the average
latency of all the flows.

3) Compared Methods: We compare the performance of 5G-
TPS with the following scheduling methods.

SMT: The Satisfiability Modulo Theory-based exact solution
(the SMT specifications are omitted due to page limit).

MUST: A 5G NR scheduler aiming at maximizing the number
of packets delivered within the deadlines [52]. MUST relies on a
greedy approach to assigning the most urgent packets with RBs
of the highest data rate.

CA: A channel condition-aware response time analysis for
5G network slicing under fixed-priority scheduling [21]. CA is
based on an over-simplified resource model where the entire
network bandwidth is treated as one single RB. A generalized
version considering multiple RBs, denoted as CA-Ext, is also
implemented for the evaluation comparison.’

RR, MT, and PF: Three built-in flow schedulers (i.e., round-
robin, maximum CQI, and proportional fair) in OAI's 5G RAN
implementation [53].

DRR and PQ: Two extended flow schedulers (i.e., deficit
round-robin and priority queue) based on the built-in scheduling
algorithms [54].

"Extending the response time analysis of CA in networks consisting of
multiple RBs is non-trivial. Here, we directly run the fixed priority scheduler,
which provides a safe upper bound on the SR achieved by CA-Ext.
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B. Performance Results

1) Stable Channel Condition: In the first set of experiments,
we compare the SRs of all the methods by varying the normalized
flow set utilization U* under stable channel conditions. Due to
the runtime limitation suffered by the SMT-based solution, we
make the performance comparison under two network settings:
(1) an extremely small-scale network with 3 UEs and 8 RBs,
and (2) a more practical large-scale network with N = 25, and
B = 50. Further, we set a 2700s timeout limit for the SMT
approach in the large-scale network setting to prevent it from
spending a long time finding a result.

Small scale networks. Fig. 7(a) shows the SR as a function of
utilization U* in small-scale networks. Each point represents
the average value of 5000 trials. The results show that the
SRs of all the methods decrease with the increase in U* (the
curves of RR and DRR overlap due to their same SR results),
and SMT dominates others as an exact solution. The SR gap
between SMT and 5G-TPS is very small (4.63% on average)
which validates the effectiveness of 5G-TPS. On the other hand,
5G-TPS significantly outperforms most of the other methods
(e.g., 15.44% higher than DRR on average) and shows almost
the same SR (0.79% lower on average) with MUST. However,
the performance of MUST drops significantly when the network
scales to the normal size (i.e., N = 25, B = 50) to be shown in
the next set of experiments. Note that the SR of CA is very low
(only 8.84% on average) while the extended version CA-Ext
shows a much higher SR (38.32% on average). This demon-
strates the limitation of the over-simplified resource model used
in [21], where the entire network bandwidth is treated as one
single RB.

Large scale networks. Fig 7(b) shows the SR as a function of
U~ in large scale networks and all the curves remain similar
trends to those observed in the small scale networks. In the
large-scale network setting, the number of UEs increases, which
increases the system workload. On the other hand, the increase
in RBs and antennas provides more network resources that can
benefit the SR. From the results, we can observe that the SRs of
SMT, PF, MT, PQ and CA drop significantly compared to those
in the small-scale networks (17.97% lower on average), and the
SRs of CA-Ext, RR and DRR drop slightly (3.66% lower on
average). The SR drop of SMT is mainly because it fails in most
cases under the timeout limit due to the extremely large search
space. For example, when U* = 0.6 and SR = 0%, only 7.3%
flow sets are determined by SMT as unschedulable while all

other failures are caused by timeout. The SR drops of the other
methods demonstrate that they cannot properly perform resource
allocation for many UEs, even if more network resources are
available.

On the other hand, the SRs of both 5G-TPS and MUST
increase, where the SR increase of SG-TPS (18.36% higher on
average) is much larger than that of MUST (9.84% higher on
average). This demonstrates that 5G-TPS can better utilize the
network resources to accommodate a large amount of real-time
flows satisfying their deadlines.

2) Dynamic Channel Condition: In the second set of ex-
periments, we evaluate the performance of all the methods in
large-scale networks (i.e., N = 25 and B = 50) with dynamic
channel conditions. We randomly generate one flow set with
normalized utilization U* = 0.4 and run continuously for 200
hyperperiods. The maximum usable MCS index ¢ of each
UE u; is randomly updated once within each hyperperiod. In
this experiment, we do not evaluate SMT and CA because the
high overhead of SMT hinders it from being applied for online
dynamic schedule adjustment and the performance of CA is
dominated by CA-Ext according to the results in the previous
experiments.

Fig. 7(c) shows the DM distributions of all the methods based
on box plots and the result of each method represents the statis-
tics of DM in one hyperperiod where 25 flows run in the network.
We can observe from the results that all the methods suffer from
deadline misses for certain flows in dynamic channel conditions.
However, 5G-TPS outperforms all the other approaches in terms
of much lower DM where only one flow misses its deadline in
one hyperperiod (i.e., the outlier 1). MUST satisfies the deadlines
of most flows with an average DM of 0.47 where at most 3
flows miss their deadlines in one hyperperiod. However, MUST
generates flows missing deadlines in 66 hyperperiods out of
200 hyperperiods. The other methods suffer from higher DM,
especially for MT, PF, and PQ, where flows miss their deadlines
in all the hyperperiods.

3) Channel Efficiency: Channel efficiency is a crucial perfor-
mance metric in 5G scheduling and resource management. Since
any scheduling method typically has a specific optimization goal
(e.g., throughput, latency, or fairness), achieving higher channel
efficiency, i.e., making more effective use of limited network
resources, makes it easier to meet the intended optimization
objectives. In this experiment, we evaluate channel efficiency
across all methods using two key metrics: average TBS and the
total number of RBs used within a hyperperiod. The parameter
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Fig. 8. Channel efficiency comparisons under Type-0 resource allocation.

settings follow those of the previous large-scale network exper-
iments, with flow set utilization fixed at U* = 0.4. For average
TBS, we determine the MCS using Table 5.1.3.1-3 in [33] and
then compute the TBS for all UEs in each TTI before averaging
the results. For RB usage, since the hyperperiod is 40 and there
are 50 RBs per TTI, the total number of available RBs in the
hyperperiod is 2000.

Fig. 8(a) presents the experimental results as a bar chart, where
the number of RBs used is enlarged by 10 times to improve
visibility. From the figure, it is evident that MUST achieves the
highest average TBS. This is expected, as MUST prioritizes allo-
cating RBs with the highest data rate when assigning resources to
UESs. 5G-TPS achieves a slightly lower average TBS than MUST
(it still outperforms other methods). However, when considering
the schedulability results in Fig. 7(b), it becomes clear that
simply maximizing channel efficiency does not necessarily lead
to better real-time performance, meaning it does not always
satisfy a greater number of flows’ timing requirements.

Regarding the number of RBs used, the results in Fig. 8(b)
show that 5G-TPS consumes the fewest RBs within the hyper-
period while achieving the highest schedulability. This further
confirms that SG-TPS effectively utilizes network resources
to meet real-time requirements. From another perspective, all
methods exhibit relatively low RB utilization. For instance,
CA-Ext achieves only 83.6% RB utilization, yet its schedula-
bility drops to zero at U* = 0.4. This underscores the challenge
of meeting real-time requirements, highlighting the need for
efficient scheduling strategies to properly allocate resources.

4) Average Latency: In this set of experiments, we evaluate
the timing performance of all the methods by comparing the
average latency of all the flows in the hyperperiod. We still follow
the large-scale network setting, with utilization U* = 0.4. If a
packet scheduled by a method misses its deadline, it is dropped.
In this case, the latency is calculated to be the deadline of the
flow.

The average latency results are shown in Fig. 8(c), and sim-
ilarly, the numbers are enlarged by 1000 times for improved
visibility. We can see that MUST achieves the lowest average
latency, followed by 5G-TPS, while CA-Ext has the highest
average latency, primarily due to its over-simplified single-RB
model. When comparing the average latency results with the
schedulability results from Fig. 7(b), it becomes evident that
lower latency does not always correlate with higher schedu-
lability. For example, 5G-TPS has a higher average latency
than MUST, yet its schedulability is better. Similarly, while
PQ achieves relatively low average latency, its schedulability
performance is poor.
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These observations lead to an important conclusion: reducing
latency does not necessarily improve schedulability. We will
further elaborate on this distinction in Section IX, where we
provide a more detailed analysis of the relationship between
latency reduction and real-time performance.

5) Runtime: Since 5G-TPS may rerun both Phase 1 and
Phase 2 online in response to channel condition changes, we
evaluate the runtime of 5G-TPS to validate its online adoption.
We compare the average runtime of all the methods with the
number of UEs (i.e., V) and RBs (i.e., B) as variables. From
the results, we observe a linear increase in the runtime of most
methods with the increase of N and B. However, the runtime
of MUST experiences explosive growth with the increase of
N, possibly due to its per-TTI and packet-based scheduling
design. In contrast, 5G-TPS consumes less time compared to
MUST (38.12% lower on average) and the built-in scheduler PF
(57.29% lower on average), demonstrating its efficiency.

6) Type-1 Resource Allocation: We perform SR and DM
comparisons for large-scale networks under Type-1 resource
allocation, and the results are shown in Fig. 9. The additional
resource allocation constraint, i.e., each UE is allocated with a
set of consecutive RBs within each TTI, reduces the flexibility
of resource allocation, which naturally leads to a decrease in
schedulability. Notably, in Fig. 9(a), the SR of MUST and
CA-Ext show almost no change compared to the results in
Fig. 7(b). This is because these two methods inherently allo-
cate RBs to UEs sequentially in the frequency domain, already
satisfying the Type-1 constraint. In contrast, the SR of all other
methods experiences varying degrees of decline due to the added
restriction (the curves of RR and DRR overlap due to their same
SR results). However, our proposed 5G-TPS demonstrates a
much smaller average decline in SR (9.89%) compared to other
methods (76.7%). On the other hand, while the SR of 5G-TPS
is almost identical to that of MUST under the Type-1 setting,
Fig. 9(b) shows that under dynamic channel conditions, 5G-TPS
still outperforms all other methods, including MUST, in terms
of achieving lower DM, with much lower runtime overhead as
stated in Section VIII-B5. In contrast, the DM of other methods
is further significantly reduced due to the additional constraints
imposed by Type-1 resource allocation.

7) C-RAN: In this set of experiments, we evaluate SG-TPS
in multi-cell networks by incorporating the user association
algorithm in Algorithm 2. User association heuristic design in
multi-cell networks is typically tied to the specific optimization
objectives and takes the channel condition across different cells
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TABLE II
SR COMPARISON RESULTS UNDER DIFFERENT SETTINGS OF N AND U*

(N,U*) | (10,0.8) | (10, 1.2) | (10, 1.6) | (25, 1.2) | (25, 1.6)
5G-TPS 100 96.5 49.5 99.5 78.5
MUST 95.5 40.0 2.5 75.5 9.5

into consideration. Given the lack of user association methods
specifically considering timing performance guarantees, as de-
scribed in Section VII-C, we do not directly compare SG-TPS to
a resource allocation method with diverse optimization objec-
tives. Instead, for the sake of fair comparisons, we extend MUST,
the most comparable method based on the previous experiment
results, by incorporating the user association heuristic in [50].
Specifically, for each UE, we associate it to its primary cell and
check whether all the UEs are schedulable by MUST. If not, this
process repeats by associating the UE to the secondary cell with
the best channel condition.

We apply Type-0 resource allocation and set the number of
gNB to 3. We randomly generate the location of each UE and
accordingly determine the CQI measurement set of the three
cells. We vary the number of UEs, N, and the normalized flow
set utilization U*. Note that since we have multiple cells, each
of which can serve a set of UEs, we allow the flow set utilization
to be larger than 1.

Table IT summarizes the SR comparison results under dif-
ferent settings of N and U*. We have three observations. 1)
At the highest level, the performance of 5G-TPS, in terms of
schedulability, dominates that of MUST. For example, when
N = 25,U* = 1.6, the SR of 5G-TPS (78.5%) is 726% higher
than that of MUST (9.5%). 2) When comparing the results with
those in a single-cell setting in Fig. 7(b), we observe that the
performance of both methods declines in the multi-cell scenario.
This is mainly caused by suboptimal user association. For in-
stance, in the single-cell setting with U* = 0.5, the SR of 5G-
TPS and MUST are 84.3% and 29.6%, respectively. However,
in the multi-cell setting, roughly corresponding to U* = 1.6, the
SR drops to 78.5% for 5G-TPS and 9.5% for MUST. Notably, the
decline for 5G-TPS is much smaller than for MUST, indicating
that the user association strategy in Algorithm 2 is more effective
than the greedy method, which relies solely on channel quality
for user association. 3) The results in Table II show that as IV
increases, the SR also improves. For example, the SR of 5G-TPS
increases from 49.5% when N = 10 to 78.5% when N = 25.
This improvement is primarily because, at the same U*, a higher
number of UEs results in a smaller workload per UE. This
increases the flexibility of user association, making it easier to
find feasible associations that meet the timing requirements.

IX. REAL-TIME PERFORMANCE OF 5G IIOoT

There has been extensive research in the literature on 5G
timing performance, particularly after 3GPP introduced the
concept of URLLC [55]. The primary goal of these studies has
been to reduce packet latency. However, none of these works
can provide real-time guarantees for 5G RAN. The fundamental
reason lies in the misconception of real-time performance in the
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literature: the assumption that real-time requirement is equiva-
lent to low-latency requirement (put differently, the lower the
latency, the better the real-time performance). For example, a
recent study [56] measuring industrial 5 G’s real-time perfor-
mance defines hard and soft real-time requirements according
to the latency thresholds: traffic with latency requirement below
100 ms is classified as hard real-time, while traffic with latency
requirement above 100 ms is considered soft real-time. In reality,
real-time performance is not determined by the absolute latency
value but rather by whether every instance of every flow meets its
deadline throughout the system operation [57]. Hard real-time
and soft real-time are thus differentiated by whether the system
strictly prohibits any packet from missing its deadline or allows
occasional deadline misses.

Below, we summarize existing literature on 5G timing-related
research and explain why these approaches fail to provide real-
time performance guarantees.

One category of 5G timing-related research focuses on re-
ducing latency at the PHY layer, introducing solutions such
as new or modified frame structures, waveform designs, or
improved modulation schemes [58], [59], [60], [61], [62]. These
approaches theoretically reduce latency in the best-case sce-
nario, e.g., adopting shorter TTI to reduce achievable latency.

Another major portion of research focuses on latency re-
duction at the MAC layer, primarily through user schedul-
ing and resource allocation [20], [63]. 5G scheduling can be
broadly categorized into channel-independent scheduling and
channel-dependent (dynamic) scheduling. The former allocates
radio resources equally across all users, while the latter op-
timally assigns resources based on users’ channel conditions,
typically with the goal of minimizing latency. However, these
optimization-based latency reduction approaches can only eval-
uate average latency through simulation experiments or analyze
latency distributions over a large number of experimental runs.
The results are highly dependent on experimental settings and
provide no formal guarantee on worst-case latency. Some work
attempts to address the real-time requirement by proposing
deadline-aware scheduling algorithms that allocate resources
to the most urgent packets [52], [64], [65]. Such methods,
however, are essentially best-effort approaches, meaning they
cannot determine whether real-time requirements are met, let
alone provide any theoretical guarantees.

Another category of research focuses on URLLC schedul-
ing [18], [19], [20], particularly on co-scheduling URLLC and
eMBB traffic. These works typically assume that sufficient
network resources are available for URLLC, and their primary
goal is to maximize eMBB throughput while ensuring URLLC
timing requirements are met under this assumption.

Existing 5G timing performance research is insufficient
for providing real-time guarantees because it typically opti-
mizes latency without strict timing determinism and relies on
average-case latency statistics. From the experimental results,
we can also observe that reducing latency does not inherently
satisfy real-time performance requirements. Real-time perfor-
mance is not just about minimizing latency but about properly
accommodating network resources while ensuring that each
individual packet meets its deadline. Without an explicit
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mechanism to respect individual packet deadlines, even a system
with low average latency may still experience deadline misses,
rendering it unsuitable for mission-critical industrial applica-
tions.

X. CONCLUSION AND FUTURE WORK

In this paper, we leverage a 5G RAN testbed to benchmark
the DL throughput with varying MCS indices and formulate the
real-time flow scheduling problem in industrial 5G NR, which
features per-flow real-time schedulability guarantee through
time-frequency resource allocation. We propose a two-phase
scheduling framework, namely 5G-TPS, to construct a feasible
schedule with deadline guarantees for all the flows in 5G NR and
enable online schedule adjustment for flows upon dynamic chan-
nel condition changing. In large-scale industrial 5G networks
with C-RAN architecture, 5G-TPS supports user association,
respecting the real-time requirements of individual flows. Our
extensive experimental results demonstrate the superior per-
formance of SG-TPS when compared to other state-of-the-art
scheduling approaches in 5G NR, in terms of schedulability
ratio, under both stable and dynamic channel conditions.
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