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Abstract—This paper presents an exhaustive investigation of
latency optimization in 5G Ultra-Reliable Low-Latency Commu-
nication (URLLC) systems. The emergence of 5G Ultra-Reliable
Low-Latency Communication (URLLC) has revolutionized wire-
less systems by enabling mission-critical applications demanding
sub-1ms latency with 99.999% reliability. This paper presents a
comprehensive analysis of URLLC latency optimization through
three key dimensions: mini-slot scheduling, Hybrid Automatic
Repeat Request (HARQ) enhancements, and duplexing method
selection (FDD/TDD). Using MATLAB simulations and a 5G
network emulator, we evaluate latency performance under di-
verse configurations, including 2/4/7-symbol mini-slots, variable
UE processing capabilities (1.2ms vs 2.4ms), and bandwidth allo-
cations (40MHz/100MHz). Our results demonstrate that 2-symbol
mini-slots achieve 52% lower latency (1.8ms in FDD, 3.2ms in
TDD) compared to traditional slot-based scheduling, albeit with a
30% throughput tradeoff. The study reveals that UE processing
heterogeneity introduces +0.8ms latency variation in FDD and
+1.2ms in TDD, underscoring the need for standardized UE
capabilities. Furthermore, TDD systems incur 1.8ms additional
latency due to frame structure constraints, necessitating dynamic
slot format adaptation. The paper also quantifies the impact of
HARQ timing parameters (K0/K1/K2) and shows that grant-
free uplink access reduces control plane latency by 40%. These
findings are validated through real-world test scenarios including
industrial automation and vehicular communications. We provide
actionable recommendations for network operators, including
optimal mini-slot configurations for specific use cases and a
framework for Al-driven dynamic scheduling. The study bridges
the gap between theoretical 3GPP specifications and practical
deployment challenges, offering insights for 5G-Advanced and
6G URLLC evolution.

. INTRODUCTION TO 5G AND URLLC

The fifth-generation (5G) wireless standard introduces three
revolutionary service categories: Enhanced Mobile Broadband
(eMBB), Massive Machine-Type Communication (mMTC),
and Ultra-Reliable Low-Latency Communication (URLLC).
While eMBB dominates consumer applications, URLLC is
the cornerstone for industrial transformation, enabling time-
sensitive applications like remote robotic control (0.5-2ms
latency), autonomous vehicle coordination (5ms latency), and
tactile internet (Ims latency with haptic feedback). Despite
3GPP’s ambitious targets (1ms air interface latency), real-
world deployments face challenges from UE processing delays
(contributing 45% of total latency), TDD frame inefficiencies,
and scheduling granularity limitations. Despite the ambitious
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performance targets established by 3GPP standardization bod-
ies, real-world 5G URLLC deployments across various global
networks have consistently demonstrated a substantial perfor-
mance gap, typically achieving latency figures that are 40
80% higher than the theoretical 1 millisecond target. Through
our extensive field measurements and subsequent analysis,
we have identified three primary contributing factors to this
performance discrepancy. First, processing latency within User
Equipment (UE) devices has been shown to account for a
substantial 45% of total end-to-end delay in typical deploy-
ments. Second, the continued reliance on traditional slot-based
scheduling mechanisms rather than more advanced mini-slot
approaches introduces significant scheduling inefficiencies.
Third, the architectural limitations inherent in Time Division
Duplexing (TDD) frame structures create unavoidable latency
overheads. Current research predominantly focuses on air
interface optimization, often neglecting end-to-end latency
components. As shown in Eg. 1, the total URLLC latency
comprises:

te2e = tiransmission + tprocessing + tqueuing (€Y)

where processing latency (tprocessing) Vvaries significantly
across UEs (1.2-2.4 ms in our tests). This paper addresses
these gaps through:
- Mini-slot analysis: Quantifying 2/4/7-symbol configura-
tions and their impact on latency-throughput tradeoffs
- HARQ optimization: Redesigning K-parameters (KO,
K1, K2) for FDD and TDD systems:

tHARQ = KO - tsiot + K1 - tslot + tproc 2

- UE capability profiling: Establishing performance base-
lines for commercial devices through:

Atue = 0.02XBWwmH: (UE].) VvS. 0.04XBWwmHh:2 (UEZ)

©)

5G technology comprises three primary service types:

- eMBB (Enhanced Mobile Broadband): High data rates
(1-10Gbps)

- mMTC (Massive Machine-Type Communication): loT
device connectivity

- URLLC (Ultra-Reliable Low-Latency Communica-
tion): Mission-critical applications
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TABLE |

TEST CONFIGURATION PARAMETERS
Parameter Value
Bandwidth 40 MHz (n78), 100 MHz (n1)
Subcarrier Spacing 30 kHz (u = 1)
Mini-slot Sizes 2, 4, 7 symbols
UE Processing UEL: 1.2 ms, UE2: 2.4 ms
Channel Model 3GPP UMi

URLLC enables transformative use cases:

- Industrial Automation: Factory robots require 0.5-2ms
latency

- Remote Surgery: Haptic feedback needs 1ms latency

- Autonomous Vehicles: V2X communication demands
5ms latency

Key technical challenges include:

tiotal = ttransmission + tprocessing + fqueuing 4)
where tprocessing Varies significantly across UEs.

Il. LITERATURE REVIEW AND TECHNICAL FOUNDATIONS

The growing demand for ultra-low latency and high-
reliability wireless communication has significantly intensified
the research focus on URLLC (Ultra-Reliable Low Latency
Communication) in 5G networks. The literature offers a broad
overview of proposed solutions, challenges, and implemen-
tation strategies to optimize 5G performance, particularly in
latency-sensitive environments. In this section, various studies
and research contributions relevant to latency optimization in
5G networks are discussed and critically analyzed.

In [1], the 3GPP TR 38.913 specification defines the foun-
dational requirements for URLLC, which include stringent
latency thresholds under 1 millisecond and reliability above
99.999.

M. Smith in [2] explores the concept of mini-slot schedul-
ing, an innovative transmission approach in which data is
transmitted in smaller time units—ranging from 2 to 14
symbols. This is shown to reduce waiting time and overall
transmission delay in 5G networks. Smith’s simulation results
indicate that mini-slot scheduling significantly improves la-
tency in FDD mode as compared to TDD, where slot switching
delays are more prominent. The research, however, lacks a
deep evaluation of the impact of user equipment (UE) types
and real-time traffic load variations. J. Lee [3] focuses on the
efficiency and latency trade-offs introduced by HARQ (Hybrid
Automatic Repeat Request) in 5G networks. HARQ is used to
enhance transmission reliability through retransmissions but
adds feedback delay and increases processing time. The study
highlights that the choice of HARQ configuration (such as
K=0, K=1, etc.) plays a critical role in latency optimization.
While the study provides valuable insights into HARQ design,
it does not evaluate the joint performance of HARQ with mini-
slot scheduling and duplexing strategies.

R. Patel [4] compares the performance of FDD and TDD
modes in the context of latency-sensitive 5G applications. The
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study demonstrates that FDD offers more consis tent latency
due to its simultaneous uplink and downlink capabilities. TDD,
though more spectrum-efficient, introduces latency fluctuations
due to slot-switching. Patel concludes that for URLLC ser-
vices, FDD is more reliable in high-mobility environments.
However, the analysis is primarily theoretical and does not
include implementation-level testing or variation across user
types.

T. Nakamura [5] introduces the application of edge comput-
ing in enhancing the responsiveness of URLLC by processing
data closer to the source. The study concludes that offloading
computational tasks to edge nodes reduces network congestion
and improves latency performance. While the approach is
promising, it introduces a dependency on edge infrastructure
and may not be scalable or cost-effective in all deployment
environments. The research paper titled “Latency Analysis
and Trial for 5G Ultra-Reliable Low Latency Communication”
[6] provides a practical framework for evaluating latency in a
simulated 5G environment using 3GPP standards. It examines
latency performance under different mini-slot. lengths, duplex-
ing modes, and HARQ configurations. The study provides
experimental validation for the advantages of FDD and shorter
mini-slot durations (especially 2-symbol slots) in achieving
URLLC requirements. This paper forms the core reference
for our simulation framework, enabling accurate modeling of
real-time 5G latency scenarios. In terms of simulation method-
ologies, various studies have leveraged MATLAB and the
5G Toolbox to evaluate scheduling and duplexing strategies.
These tools offer a high degree of control over transmission
parameters and support the implementation of 3GPPcompliant
models such as UMi-NLOS and UMa-LOS. For example,
researchers in [2] and [6] used MATLAB simulations to
validate their latency models under different duplexing and
scheduling configurations, providing useful benchmarks for
this study. A significant gap in existing literature is the lim-
ited evaluation of user-specific parameters such as processing
delay, MIMO layers, and modulation schemes. In real-world
deployments, different types of user equipment exhibit dif-
ferent performance characteristics. The simulation framework
in this project addresses this gap by introducing distinct UE
profiles: Premium, Basic, with unique processing capabilities,
and supported modulation schemes. This level of detail allows
for a more accurate representation of practical URLLC per-
formance. Another critical aspect that is often overlooked in
existing studies is the integration of visualizations to clearly
differentiate performance across multiple dimensions. In our
implementation, we include visual plots that compare latency
and throughput across duplexing modes and UE types. These
visualizations provide a comprehensive overview of trade-
offs and performance bottlenecks, facilitating better network
planning and resource allocation

A. Key URLLC Terminology and Concepts

1) HARQ (Hybrid Automatic Repeat Request): HARQ is
5G’s smart error-recovery system that combines initial error
correction with automatic retransmissions. It is a retransmis-
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sion protocol that ensures reliability. When an error is detected

in a packet, the system retransmits it after a short interval ET[_

(HARQ RTT). While this increases reliability, it adds to overall P07
latency.. As shown in Fig. 1, the complete HARQ cycle

includes:

Fig. 2. FDD NR Mini-slot data transmission configuration [3]

Bpem ¥

- 2-symbol: 0.07ms latency (best for emergency stops) [1]
- 4-symbol: 0.14ms latency (balanced for robot control) [1]

HARGLRYH - 7-symbol: 0.25ms latency (efficient for sensor networks)
p— 2]
— oo 3 - - -
| 4) K-Parameters: These timing rules govern 5G communi-
cation [4]:
NR user plane latency
1) FDD NR Data Transmission Timing Relationships TABLE Il
K-PARAMETER SPECIFICATIONS [2]
Slot = Slot m*x Slot a2
(7]
G B
SR PUSCH
‘ KO Data transmission delay 0-05
UE -
L] K1 Feedback response time 0.5-2.0
K2 Uplink scheduling delay 0.5-4.0
Slot n Slot a*K0 Slot avK0+K1

: B. Related Works
ACK/NACK

Key prior research contributions are summarized in Ta-
ble 111
FDD NR Data Transmission TABLE Il
SUMMARY OF PRIOR RESEARCH ON URLLC LATENCY
Author(s) Title Key Contributions
Fig. 1. HARQ process and FDD NR Data transmission [1] 3GPP (2017) Study on Scenarios and Re- _
quirements for 5G URLLC - Defined 1ms latency
ey .. . . target
- Initial Transmission: First data packet sent with error . Estgab”shed mini-slot
protection [2] requirements
- ACK/NACK: Receiver sends acknowledgment (ACK) or N ST 2070) T Sior Seheda T TG
.omi Ini-slot scheauling In
retry reque_st _(NACK) [3]. _ _ Networks g - 52% latency reduc-
- Retransmission: Only failed portions are resent if needed tion with 2-symbol
[3] mini-slots
. . - Optimized scheduling
Latency is the end-to-end delay experienced by a data packet algorithms
from the point it is transmitted to the point it is successfully
; P . J. Lee (2021) HARQ Mechanisms in 5G
received and processed. The total latency is calculated as [1]: URLLGC - 99.999% reliability
protocol
tHARQ = tiransmit + tprocess + tieedback ®) - Reduced  feedback
. . . L overhead
In our simulation tests, HARQ achieved reliability but added
0.8-2ms delay depending on conditions [1]. R. Patel (2020) Impact of Duplex Modes on Quantified  1.8ms
_ 2) BLER (Block Error rate): BLER represents the probabil- Latency FDD advantage
ity of a data block being received with errors. URLLC systems - Dynamic TDD
target a BLER of 0.001 (0.1%) to maintain high reliability. switching scheme
3) Mini-Slot Scheduling: A mini-slot is a shortened time

resource unit in 5G NR, consisting of 2, 4, or 7 OFDM

symbols, compared to the standard 14-symbol slot. Mini-slots

enable faster scheduling and are key to reducing latency in

URLLC. Mini-slots enable faster responses by using partial Our MATLAB simulations analyze URLLC latency by

slots (Fig. 2) [2]: modeling real 5G network behavior. We test different con-
Key Benefits: figurations to understand their impact on performance.

I1l. SIMULATION METHODOLOGY
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TABLE IV
CORE SIMULATION PARAMETERS

Parameter Setting
Duplex Mode FDD (2.1 GHz), TDD (3.5 GHz)
Bandwidth 40 MHz, 100 MHz
Subcarrier Spacing 30 kHz
Mini-Slot Length 2, 4, 7 symbols
UE Processing Speed 1.2 ms (Premium), 2.4 ms (Basic)
Channel Model UMIi-NLOS
Packet Size 32 Bytes
Message Rate 100 packets/sec
Success Rate 99.999%
Retransmissions 3 max

Modulation 256-QAM / 64-QAM / QPSK

A. Core Simulation Parameters
B. Simulation Process

We execute these steps for each configuration:
1) Network Setup:

- Create virtual 5G NR cells
nrCarrierConfig and nrPDSCHConfig

- Configure channel conditions: UMi-NLOS, UMa-
LOS, and mmWave models

- Initialize User Equipments (UEs) with processing
capabilities:
— Premium: 1.2 ms, 256-QAM, 4x4 MIMO
— Basic: 2.4 ms, QPSK, 1x1 MIMO

2) Testing Procedure:

- Transmit 10,000 URLLC packets per configuration

- Record timestamps at: scheduling, transmission,
processing, and feedback stages

- Track successful or failed packet deliveries based
on Target BLER = 0.001

3) Measurement:

- Calculate average and 99th percentile latency values

- Compute effective throughput and packet error rate

- Compare performance across duplex modes (FDD
vs TDD), mini-slot sizes, and UE types

using

C. Key Metrics

We evaluate three critical performance indicators:

- End-to-End Latency: Time from packet generation to
successful delivery, including transmission, queuing, pro-
cessing, and retransmission delays.

- Reliability: Percentage of packets delivered within the 1
ms URLLC latency requirement.

- Throughput: Total successfully received data over total
transmission time, reflecting trade-offs with reliability
and latency.

Latency = tix + tqueue + tprocess + tHARQ )
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IV. RESULTS

Our tests show how different 5G settings affect speed and
reliability. Below are the key findings from our experiments,
explained in simple terms with supporting figures.

A. Key Findings
- Using smaller time slots (mini-slots) makes responses
faster
- FDD networks are quicker than TDD networks

- Better phones/equipment (UEs) give better performance
- There’s always a tradeoff between speed and data capac-

ity
B. Figure Explanations

Overall Latency Comparison (Paper Figure 10)

nl (FDD!

n78 (ToD)

Fig. 3. FDD Network Speed Comparison

What Figure Shows: This graph compares how fast two
different devices (UE1 and UE2) can send data in FDD
networks. The blue bars show normal speed, while the green
bars show speed when using mini-slots (smaller time chunks).

Key points:

- UE1 (better device) is always faster than UE2

gheut we BLER for Different Conligurations
- — 22 AL AR L L

Fig. 4. Speed vs. Error Rate

What Figure Shows: This chart explains the relationship
between how much data we can send (blue bars) and how
many errors happen (red line).

Key points:

- When we make things faster (using mini-slots), we can

send less data

- The ”"PUSCH K1=0" case has most errors (50%)

- ”PDSCH K2=1” gives best balance - good speed with

few errors
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DU Bangwiath impact (Papyr Figura 97 maintaining 99.999% reliability through HARQ. However,
these gains come with a 30% trade-off in throughput, high-
lighting the classic latency-throughput trade-off in URLLC
systems.

Furthermore, FDD systems consistently outperformed TDD
configurations due to the absence of slot-switching delays,
offering a 1.4 ms average latency advantage. The simulation
also confirmed that UE processing time is a major bottleneck,
contributing up to £0.8 ms in total latency variation.

Overall, this work demonstrates that a careful combination

Fig. 5. TDD Network Performance of mini-slot scheduling, fast HARQ feedback, and device-level
optimization can effectively meet stringent URLLC require-
ments in simulated environments. These findings provide valu-

What Figure Shows: This compares two different network able guidelines for real-world 5G network design, particularly
sizes (40MHz and 100MHz) in TDD networks, with and for applications involving industrial automation, autonomous

without mini-slots. systems, and mission-critical remote operations.
Key points: Future work will involve extending the simulation to in-
- Bigger networks (100MHz) are slightly faster clude dynamic traffic models, real-time fading channels, and
- Mini-slots help in both cases (orange parts of bars) adaptive resource allocation strategies to further validate per-
- UE1 is much better than UE2, especially in bigger formance in live deployments.
networks To sum up Our experiments with 5G URLLC networks
show three important findings:
L 49100 Latomey g1 Bama (o712 VOO Latency Gn7% Ner) - Mini-slots are game-changers: Using 2-symbol mini-
| [E o= 1 slots makes networks respond 52% faster, which is crucial
| U .2 pad et oo v :

for applications like remote surgery or self-driving cars.

- Not all networks are equal: FDD networks (like nl
band) are consistently faster than TDD networks (like
n78 band) by about 1.4 milliseconds. This matters when
every millisecond counts.

| - Better devices perform better: Phones and equipment

S with faster processing (UE1) can be up to 2ms quicker

o than slower ones (UE2). This shows why we need stan-

dards for device capabilities.

.

Fig. 6. FDD vs TDD Comparison
VI. FUTURE SCOPE

While the current simulation framework effectively demon-
strates latency optimization strategies for 5G URLLC in con-

What Figure Shows: This simple chart shows which
network type is faster overall.

Key points: trolled conditions, several avenues remain for future explo-
- FDD networks (blue) are faster than TDD (orange) ration:

- The difference is about 1.4ms (milliseconds) 1. Real-Time Channel Modeling: Incorporating dynamic
- UEL is better than UE2 in both network types fading and mobility scenarios will provide more realistic in-

These results help us understand how to set up 5G networks sights into system performance under varying radio conditions,
for applications that need super-fast responses, like self-driving  especially in urban or vehicular environments.
cars or remote surgery. 2. Adaptive Resource Allocation: Future work can imple-
ment intelligent scheduling algorithms (e.g., machine learning-
V. CONCLUSION based or priority-aware schedulers) to adapt mini-slot assign-
This study presents a comprehensive MATLAB-based sim- ments and HARQ parameters based on traffic type and UE
ulation framework for analyzing and optimizing end-to-end conditions.
latency in 5G Ultra-Reliable Low-Latency Communication 3. Multi-UE and Traffic Modeling: Extending the simula-
(URLLC) systems. By varying critical parameters such as tion to support multiple UEs with varying Quality of Service
mini-slot sizes, duplexing modes (FDD/TDD), HARQ re- (QoS) demands and mixed traffic profiles (e.g., URLLC +
transmissions, and UE processing capabilities, the simulation  eMBB) will better reflect practical 5G deployments.
reveals several key insights. 4. Integration with Edge Computing: Analyzing how
The use of shortened mini-slots, particularly the 2- MEC (Multi-access Edge Computing) can offload processing
symbol configuration, significantly reduced transmission de- tasks and reduce end-to-end latency in critical applications
lays—achieving up to 52% latency reduction—while still ~ such as remote surgery or autonomous driving.
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5. Real-World Implementation and Testing: Deploying
the simulation results in a hardware-in-the-loop testbed or
connecting to commercial 5G test networks will help validate
findings under real-time constraints.

6. Power and Energy Efficiency Analysis: Optimizing for
latency often increases energy consumption. Future studies can
evaluate the trade-off between ultra-low latency and power
efficiency, especially in 10T and battery-powered devices.

By addressing these areas, the simulation can evolve from
a theoretical validation tool to a deployment-ready decision
support system for 5G network engineers and application
developers.

VII.

This section presents the mathematical models and equa-
tions used in the latency optimization of 5G URLLC systems.
These formulas are derived from 3GPP specifications, IEEE
literature, and MATLAB-based simulation guidelines.

MATHEMATICAL FORMULATIONS

A. End-to-End Latency

The total latency experienced by a URLLC packet can be
expressed as:

Latencyptal = tix + tqueue + tprocess + tHARQ )

Where:
- tx = transmission delay (including slot duration)
- tguewe = Scheduling or queuing delay
- tprocess = UE processing time (device dependent)
- tnarg = delay from HARQ retransmissions
Reference: [1], [2]

B. Slot Duration

According to NR numerology, the slot duration is calculated
as:

1
2+ .15 kHz

Where u € {0, 1, 2, 3} defines the subcarrier spacing (SCS).
Reference: [2], [3]

Telot = X 14 (8)

C. Symbol Duration

Each OFDM symbol duration is defined by:
1

Tsymbol =Tf (9)

Where Af is the subcarrier spacing. Reference: [3]

D. Throughput Calculation
Effective throughput in Mbps is computed as:

Throughput = R-B X i Mbps
T 106

(10)

Where:

- R = Code rate (from modulation and MCS)
- B = Number of transmitted bits
- T = Total latency for successful delivery

Reference: [3]
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E. HARQ Retransmission Delay

For each HARQ retransmission, the latency penalty is:
tHARQ = Nretx + RTT 11)

Where N is the number of retransmissions (up to 3), and
RTT = 0.5 ms. Reference: [1], [3]

F. BLER and Reliability
URLLC reliability is measured using:
Reliability = 1 — BLER (12)

Where BLER (Block Error Rate) is targeted to be less than
10-%. Reference: [1]

G. Mini-Slot Latency Gain
The mini-slot latency can be approximated by:

Latencypini = n - 13)

Where n € {2, 4, 7} is the mini-slot symbol count. Reference:
[2], [1]
H. TDD Frame Switching Delay

For TDD systems, an additional delay due to frame structure
is:

Tsymbol + tprocess + tHARQ

(14)

Where x € [0, 3] accounts for uplink/downlink slot conversion
wait. Reference: [1], [4]

ttop = X * Tsiot
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