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Abbreviations and definitions

Abbreviations Definitions

3GPP 3rd Generation Partnership Project
4G 4™ Generation

5G 5" Generation

A2X Air-to-Everything

AMBR Aggregate Maximum Bit Rate
AMR-WB Adaptive Multi-Rate Wideband
BLER Block Error Rate

cal Channel Quality Indicator

D2D Device-to-Device

DMR Digital Mobile Radio

DMRS Demodulation Reference Signal
DMO Direct Mode Operation

EVS Enhanced Voice Services

FDD Frequency Division Duplex

GBR Guaranteed Bit Rate

GFBR Guaranteed Flow Bit Rate

HARQ Hybrid Automatic Repeat Request
HPUE High Power User Equipment

IUcC Inter-UE Coordination

KPI Key Performance Indicator

LMR Land Mobile Radio

LTE Long Term Evolution

MAC Medium Access Control Layer

MC Mission Critical

MCData Mission Critical Data

MCPTT Mission Critical Push-To-Talk
MCVideo Mission Critical Video

MCL Maximum Coupling Loss

MFBR Maximum Flow Bit Rate

MIMO Multiple Input Multiple Output
MONP MCPTT Off-Network Protocol

MPL Maximum Path Loss

MCS Modulation and Coding Scheme
MCX Mission Critical Communication Services
N3IWF Non-3GPP Interworking Function
NR New Radio (5G)

P25 Project 25

PC5 ProSe Communication Interface (Sidelink)
PC5 LINK AMBR PC5 (Sidelink) Aggregated Maximum Bit Rate
PDCP Packet Data Convergence Protocol
PHY Physical Access Layer

POLQA Perceptual Objective Listening Quality Assessment
PPPP ProSe Per-Packet Priority

PRB Physical Resource Block
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PRR Packet Reception Ratio

ProSe Proximity Services

PSCCH Physical Sidelink Control Channel

PSBCH Physical Sidelink Broadcast Channel
PSFCH Physical Sidelink Feedback Channel
PSSCH Physical Sidelink Shared Channel

PTT Push-To-Talk

QFl QoS Flow Identifier

QPSK Quadrature Phase Shift Keying

QoS Quality of Service

RLC Radio Link Control

RoHC Robust Header Compression

RRC Radio Resource Control

RSC Relay Service Code

SAR Specific Absorption Rate

SB-SPS Sensing-Based Semi-Persistent Scheduling
SCI Sidelink Control Information

SDP Session Description Protocol

SDS Short Data Service

SIB12 System Information Block 12

SINR Signal-to-Interference-plus-Noise Ratio
SLSS Sidelink Synchronisation Signal

SLSSID Sidelink Synchronisation Signal Identifier
SNR Signal-to-Noise Ratio

SL-RSRP Sidelink Reference Signal Received Power
SRTP Secure Real-Time Transport Protocol
TBS Transport Block Size

TETRA Terrestrial Trunked Radio

UE User Equipment

U2N UE-to-Network

u2u UE-to-UE

UDP User Datagram Protocol

UPF User Plane Function

URLLC Ultra Reliable Low Latency Communications
V2X Vehicle-to-Everything
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1 Introduction

This document provides a theoretical overview of the performance of Off-network Mission Critical Services
(MCX), also known as Sidelink-based device-to-device (D2D) communications. It brings together description
of Sidelink and Off-network MCX, Key Performance Indicators, factors affecting the performance, a desktop
analysis, and performance optimisation techniques to meet the requirements of public safety and
emergency service communications.

The overall aim is to ensure that, when available, off-network mission critical services are robust, efficient,
and fit for purpose—supporting first responders with reliable, direct communication when network
coverage is unavailable or compromised.

Document Structure Overview

1. Introduction
Introduces the concept of Off-network MCX, its relevance to public safety, and outlines the scope
of the document. It describes the core services supported by Off-network MCX, including Mission
Critical Push-To-Talk (MCPTT), Mission Critical Video (MCVideo), and Mission Critical Data
(MCData). Additionally, it explains the 5G NR Sidelink interface (PC5) and its role in enabling Off-
network communication. It also discusses Quality of Service (QoS) handling and the mapping of
PQl values to service types.

2. Expected Performance
Presents recent research studies and describes expected performance for various Off-network
MCX scenarios, including direct discovery, voice communication, relay-based communication, and
multi-hop relay setups.

3. Factors Affecting Performance
Analyses technical factors such as Maximum Coupling Loss (MCL), User Equipment (UE)
transmission power, antenna types, frequency spectrum, subcarrier spacing, mobility, Signal-to-
Interference-plus-Noise-Ratio (SINR), environmental conditions and synchronisation sources.

4. Performance Evaluation of NR Sidelink for MCPTT
Provides link budget calculations, channel models, and achievable range estimates for MCPTT
over New Radio (NR) Sidelink.

5. Optimisation Techniques
Explores methods to enhance range, reduce latency, increase throughput, and maximise capacity
for Off-network MCX, including Physical Access layer (PHY), Medium Access Control (MAC) layer,
and application-level techniques.

1.1 Scope
In Scope

1. Describe what Off-network MCX is

Presently, there are various mission critical communication systems for first responders deployed
across the world, such as legacy Land Mobile Radio (LMR) networks in the US which is now moving
to Project 25 (P25), Tetra/DMR (Digital Mobile Radio) in Europe, Asia, and the Middle East. These
infrastructures today do not interoperate; some are based on proprietary protocols and are
typically limited in coverage. It enables communication between multiple users with or without the
use of a network infrastructure. The main motivation to define Device-to-Device (D2D)
communication or Off-network MCX in Long Term Evolution (LTE) or NR is for Public Safety agencies
such as police, firefighters and emergency services mainly to enhance communication by replacing
legacy technology such as the ones mentioned earlier. From a functionality standpoint, LMR, Tetra,
and DMR direct-mode communications only support push-to-talk voice, while ProSe D2D
communications enable not just Mission Critical Push-to-Talk (MCPTT) voice but also other MC
services such as Mission Critical Data (MCData) and Mission Critical Video (MCVideo). The new D2D
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interface is known as Sidelink which takes advantage of UE proximity, relays, and reuse of radio
resources. Release 17 NR Sidelink enhancements for public safety include the support of ProSe
communications and UE-to-Network (U2N) relaying over 5G networks in addition to the On-
Network mode and Off-network mode which was introduced in prior 3GPP releases.

2. Outline what the performance requirements of Off-network MCX are to replace legacy direct D2D
communication technologies for mission critical use cases.

Out of scope

1. Interworking functions between LMR/DMR systems (Trunk Mode and Direct Mode) and Off-
network MCS.

1.2 Overview
Mission Critical Services include MCPTT, MCVideo and MCData and are required to work in off-network use
case scenarios.

MCPTT is a half-duplex and duplex voice communication service designed to provide instant, reliable, and
secure voice communication for users involved in critical operations. These applications are used in
environments where real-time communication is essential for the safety of people, infrastructure, or
processes, such as by emergency services (police, fire, and medical), military, utility workers, and
transportation operators. MCPTT includes different features for mission critical users like group call,
imminent peril or emergency call, late entry to group calls, and private calls.

e Group call is a core MCPTT function that allows a talker simultaneously transmitting voice
communication among multiple listeners, Group call types can either be pre-arranged or chat.
When a pre-arranged group call is initiated by one of the group members, all other
preconfigured/affiliated group members are automatically invited to the call. On the other hand,
when a chat group call is initiated the group members must actively join the call rather than being
automatically invited.

e Emergency orimminent peril call is a high priority group call triggered in critical situations as distress
alerts. It inherits the same parameters as a group call but with additional requirements like
immediate call setup, guaranteed delivery under poor network conditions and mandatory alerting
of specific user roles.

e Late entry refers to a user joining an ongoing group. The system should allow seamless integration
without disrupting the session, which includes minimising join delay, maximising synchronisation
accuracy of voice burst and audio continuity.

e Private call enables one-to-one secure voice communication. Private calls allow for one or both
users to talk simultaneously, while group calls are limited to one talker at a time.

The MCPTT group calls and private calls have automatic commencement mode (call connect without an
acceptance response from the recipient) or manual commencement mode (call connect waits for an
acceptance response from the recipient).

Off-network MCVideo is a specialised communication framework designed to facilitate direct, D2D video
communications without relying on traditional network infrastructure.

Key Features of Off-network MCVideo:

e Off-Network Group Communications: Off-network MCVideo supports off-network group
communications, allowing multiple devices to engage in video sharing directly. This is essential in
scenarios where network infrastructure is damaged or non-existent, such as during natural disasters
or in remote areas.

e |Imminent Peril Communications: The system includes provisions for imminent peril
communications, enabling users to initiate high-priority video transmissions during critical
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situations. This feature ensures that urgent information is disseminated promptly among team
members.

e Emergency Alerts: Off-network MCVideo allows for the initiation and cancellation of emergency
alerts, facilitating rapid coordination and response during emergencies. This functionality is crucial
for maintaining situational awareness and coordinating efforts in real-time.

e ProSe Per-Packet Priority (PPPP): The system utilises ProSe Per-Packet Priority settings to manage
the prioritisation of video packets, ensuring that critical communications receive the necessary
bandwidth and are transmitted with minimal delay.

Operational Procedures:

e Group Communication Initiation: Users can initiate group video communications by leveraging
ProSe capabilities to discover and connect with nearby devices. The system manages the
configuration data, such as user IDs and multicast addresses, to establish the communication
session.

e Direct Discovery and Communication: Prior to initiating communication, devices may perform a
discovery procedure to identify other group members in proximity. This ensures that all relevant
parties are included in the communication session.

e Emergency and Imminent Peril States: The system allows for the declaration of emergency or
imminent peril states during communications. Devices can adjust their ProSe Per-Packet Priority
(PPPP) settings accordingly to prioritise these critical communications.

Other types of services are short message services (time critical short messages up to 2kB) and location
reporting.

To increase the reliability, the Mission Critical Communication Services (MCX) infrastructure needs to be
resilient and hence three modes of operations are defined:

1. On-network MCX operations: Communications coordinated and controlled by a centralised network
infrastructure.

2. Off-network MCX operations: In the absence of network infrastructure, UEs communicate directly
among peers within an area using a direct communication interface also known as Sidelink. The
area differs depending on the use case scenarios.

3. On-network MCX over UE-to-Network relay: The remote UEs outside the coverage range of network
access the network with the help of a Sidelink and a UE-to-Network relay which is located within
the range of the network.

This document covers only the second and the third mode of operations that utilise the Sidelink interface.

1.3 NRSidelink

The NR Sidelink interface, also known as a direct communications interface PC5, is a pivotal technology
enabling D2D communication without reliance on network infrastructure. The 3GPP TS 38.300 defines NR
Sidelink communication (illustrated in Figure 1) as A(ccess) S(tratum) functionality enabling at least V2X
(Vehicle to Everything) Communication as defined in TS 23.287 and/or A2X (Air to Everything)
Communication as defined in TS 23.256 and/or ProSe Communication (including ProSe UE-to-Network
Relay, non-Relay communication, and ProSe UE-to-UE (U2U) Relay Communication including U2U relay
communication with integrated discovery) as defined in TS 23.304 between two or more nearby UEs, using
NR technology but not traversing any network node.
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NR sidelink

Figure 1: NR Sidelink enabled communication types

Mission-critical communications, such as those required for public safety, emergency response, and
industrial automation, demand high reliability and low-latency communication. These applications often
operate in environments where traditional network connectivity is unavailable or unreliable, such as
disaster-stricken areas, underground carparks, or remote locations. The NR Sidelink interface specification
is specifically engineered to meet these challenges by enabling devices to communicate directly, ensuring
continuous and robust connectivity.

The PC5 interface supports a wide range of functionalities, including voice, video, and data transmission for
MCPTT, MCVideo, and MCData services. Its enhanced capabilities also extend to V2X, enabling applications
such as collision avoidance and autonomous driving which is out of scope for this document.

1.4 Off-network Mission Critical Services

Off-network MCX leverages NR Sidelink communication which represents a significant advancement in
ensuring reliable and robust connectivity for critical applications. Designed to meet the stringent demands
of public safety, emergency response, and industrial operations, Off-network MCX enables D2D
communication, even in the absence of traditional network infrastructure. As with on-network operations,
QoS parameters are defined for different services, including mission-critical services, 5G ProSe direct
communication.

1.4.1 QoS handling

The PC5 5G QoS Indicator (PQl) values for 5G ProSe Direct Communication are additionally defined by the
3GPP specification TS 23.304. The one-to-one mapping of standardised PQl values that are additionally
defined to PC5 QoS characteristics is specified in table 5.6.1-1 in TS 23.304. A part of the table relevant to
Off-network MCX is reproduced in Table 1.

Table 1: Standardised PQl values that are additionally defined to QoS characteristics mapping

PQl Resource | Default Packet Packet Default Example Services
value Type Priority Delay Error Averaging
Level Budget Rate Window
24 GBR (For | 1 150ms 102 2000ms Mission Critical user plane
Unicast Push to Talk voice
25 only)) 2 200ms 107 2000ms Non-Mission Critical user

plane Push to Talk voice,
Conversational Voice

26 2 200ms 1073 2000ms Mission Critical Video user
plane
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32 4 300ms 103 2000ms Conversational Video (live

Streaming)

33 3 100ms 103 2000ms Real Time Gaming, Process
automation monitoring

34 5 600ms 10°® 2000ms Non-Conversational Video
(Buffered Streaming)

60 Non-GBR | 1 120ms 10°® N/A Mission Critical delay

sensitive signalling (e.g. MC-
PTT signalling)

61 6 400ms 10°® N/A Mission Critical Data (e.g.
services the same as 5Q
6/8/9 as specified in TS
23.501

70 7 200ms 103 N/A Voice, Video (Live
Streaming), Interactive
Gaming

71 7 20ms 10°® N/A Low Latency eMBB
applications Augmented
Reality

NOTE 1: GBR PQls can only be used for unicast PC5 communications

PC5 QoS is managed through PC5 QoS rules and key parameters such as PQl, Guaranteed Flow Bit Rate
(GFBR), Maximum Flow Bit Rate (MFBR), and PC5 LINK- Aggregate Maximum Bit Rate (AMBR). These key
parameters together define Sidelink QoS for a given service-like voice, data or video.

e Direct Communication Case:
In direct communication, the source 5G ProSe End UE obtains application information and
optional ProSe application requirements from its ProSe application layer. Based on this, it
determines the end-to-end QoS parameters.
e Single-Hop Relay Case:
In a single-hop relay, the relay node determines the PQl separately for the first-hop PC5 QoS
control and second-hop PC5 QoS control, based on its implementation.
e  Multi-Hop Relay Case:
In a multi-hop relay, each relay splits the QoS parameters into two or more parts based on
received QoS information:
o QoS parameters of the previous hop
o QoS parameters for the next relay to the target End UE
The relay then forwards the remaining QoS parameters to the next hop for further QoS

division.
e U2N Case:
o QoS parameters on PQl is mapped to QoS parameters of a 5Ql available to the U2N relay
UE.

o InLayer 2 relay, the PQl is distributed across single or multiple relay hops.
o InLayer 3relay:
=  Without Non-3GPP Interworking Function (N3IWF): The relay UE interprets PC5
QoS parameters as end-to-end QoS requirements between the remote UE and the
UPF.
= With N3IWF: The remote UE can either establish a new PDU session or switch an
existing session to the N3IWF. In this scenario, QoS differentiation is managed via
individual IPsec Child Security Associations.
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1.4.2 Off-network Mission Critical Services

Off-network MCX should support MCPTT voice communication services such as MCPTT group calls, MCPTT
broadcast calls, private calls, MCData services such as emergency alerts and short message data services
and MCVideo Services.

MCPTT group calls

e A single talker transmits to multiple listeners within a pre-arranged group. Floor control signalling
designates who is permitted to speak at any given time, ensuring that there is orderly communication
amongst members of the group as there is no centralised entity to arbitrate the floor.

e MCPTT Application Layer Signalling Protocol

o Uses MCPTT Off-Network Protocol (MONP) over UDP (defined in TS 24.379), with messages
sent to multicast or unicast IP addresses on port 8809, using time-to-live value of 255

o The MONP message forms the entire UDP payload

o A Session Description Protocol (SDP) body is generated by the MCPTT client. SDP includes a
session level section for session origin, name and connection information, “a” media level
section for MCPTT speech including audio media, RTP and codec parameters, and “s” media
level section for media-floor control entity.

o PQl 60 is used.

e MCPTT User plane

o Media transmission

Voice media is transmitted directly between clients using RTP (without encryption) or SRTP with

encryption over UDP/IP.

Encryption keys are derived from pre-shared group keys.

When a client obtains the floor, it starts sending (S)RTP packets and other clients receive and

process them accordingly.

Voice media is mandated to support AMR-WB 12.65 (kbps) and optional EVS 13.2 (kbps) codecs by

3GPP MCPTT specification TS 26.179. As their bit rates are close and assumption of 13kbps can be

made.

The periodicity of the packet transmission is generally 20ms. This means an unencrypted packet

size is 260 bits (or approximately 33 bytes).

SRTP encryption includes approximately 12 bytes of overhead. Other protocol overheads are UDP

(8 bytes) and IP (20 bytes for IPv4 or 40 bytes for IPv6).

Robust Header Compression can reduce the overhead to 3 bytes on average.

PQl 70 is used for groupcast mode and PQI 24 is used for unicast mode (unicast mode can cause

interference between users).

o Floor control

Media control messages use (S)RTCP to manage access to the floor and are sent directly between

clients over UDP/IP.

Control messages include Floor Request, Floor Grant, Floor Taken, Floor Release etc.

Each MCPTT client has embedded logic for both the floor arbitrator and floor participant roles. The

current talker’s device temporarily acts as the floor arbitrator while the other members in the group

listening to the talker assuming the floor participant role.

Floor requests can be queued, and the queue is transferred when the new arbitrator changes.

PQI 60 or 70 can be used.

o Off-network MCX uses Sidelink groupcast for MCPTT group calls.

5G ProSe control plane manages discovery, session setup, authorisation, resource coordination and

security key exchange between UEs directly via direct signalling over Sidelink relying on pre-

configured credentials, and cached policies.

The signalling flow diagram of Off-network MCPTT group calls over Sidelink is shown in Figure 2
where floor control messages are not included:
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Originator UE Receiving UE 1 Receiving UE 2

ProSe Discovery Request

ProSe Discovery Response

ProSe Discovery Request]

ProSe Discovery Response

PC5 Direct Link Establishment Request

PC5 Direct Link Establishment Accept

PC5 Direct Link Authentication Request

PC5 Direct Link Authentication Response

PC5 Direct Link Security Mode Command

PC5 Direct Link Security Mode Complete

PC5 Direct Link Establishment Request

PC5 Direct Link Establishment|Accept

PC5 Direct Link Authentication Request

PC5 Direct Link Authentication Response

PC5 Direct Link Security Mode Cdmmand

PC5 Direct Link Security Mode Cpomplete

Group Call Probe (Optional)

Group Call Probe (Optional)

Group Call Announcement

Group Call Accept

Group Call Announcement

Group Call Accept

MCPTT Speech Data

MCPTT Speech Data

MCPTT Speech Data

MCPTT Speech Data

Group Call End

Group Call End

Originator UE Receiving UE 1 Receiving UE 2

Figure 2: Off-network MICPTT group call over NR Sidelink setup signalling over Sidelink

MC Private calls

e This is a communication between two MCPTT clients that can be configured to permit one user to
speak at a time or both users to speak simultaneously. The absence of floor control parameters
indicates that both users can speak simultaneously.
e Application-level signalling protocol

o MCPTT Off-Network Protocol (MONP) over UDP

o Direct unicast IP. communication

o Session description defined in SDP format
e Application-level user plane parameters are the same as for MCPTT group calls
e Private calls over Off-network MCX uses Sidelink unicast

A private call setup signalling flow diagram is shown in Figure 3:
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Originator UE Receiver UE

ProSe Discovery Request

ProSe Discovery Response

A

PC5 Direct Link Establishment Request

PC5 Direct Link Establishment Accept

A

PC5 Direct Link Authentication Request

PC5 Direct Link Authentication Response

A

PC5 Direct Link Security Mode Command

PC5 Direct Link Security Mode Complete

A

Private Call Setup Request

Private Call Setup Accept

A

Private Call Setup Accept Ack

MCPTT Speech Data

v

MCPTT Speech Data

Private Call Release

v

Private Call Release Ack

A

Originator UE Receiver UE

Figure 3: Private call setup over NR Sidelink signalling flow diagram

e MCData
o Short Data Service (SDS)
= Thisis a time sensitive messaging with tolerance for delay or around 100 milliseconds
= The message size is variable but smaller than 2048 bytes including the overheads.
= Generally, the average message size is 140 bytes.
o Other non-real time data transfers
= The delay, the average message size and overhead can vary depending on the usage.
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2 Performance of Off-network Mission Critical Services

2.1 Recent research studies

Recent research on ProSe, 5G ProSe, Off-network MCS, and Sidelink communications offers valuable insights
into how Off-network MCX can be configured to maximise performance and sets realistic expectations. The
key findings from these studies are summarised below:

1. Access Time Analysis of MCPTT Off-Network Mode over LTE

Sun et al. [34] evaluates MCPTT performance in off-network mode over LTE, particularly focusing on access
time — the delay from pressing the PTT button to being able to speak. The study helps understand MCPTT
over 5G NR Sidelink by providing a foundational analysis of access time behaviour in LTE-based off-network
communication, which shares core principles with 5G Sidelink. Its modelling and sensitivity analysis of floor
control, timers, and ProSe configurations offer insights that can be adapted to optimise MCPTT performance
in NR Sidelink environment.

The study considered the five scenarios to estimate the access times as shown in Table 2:

Table 2: Access time of MICPTT off-network mode over LTE

Scenario | Access Group UE already | Floor What happens

time (ms) | call inacall? arbitrator
exists? exists?

A ~480 No No No User starts a new group call and
automatically gets the floor.

B ~250-600 | Yes No Yes User joins an existing group call and
requests the floor from the current
speaker.

C ~250-600 | Yes No No User joins an existing call, but no

speaker exists, so user claims the floor
after timeout.

D ~250-500 | Yes Yes Yes User is already in the group and
requests the floor from the existing
speaker.

E ~240 Yes Yes No Userisin the group, no one is speaking,
so the user claims the floor after
timeout.

The total access time consists of floor control access time and call control access time. This study provides
an analytical and simulation-based insight to optimally configure MCPTT systems for off-network public
safety operations.

Depending on the scenario, the access time spans from 250ms to 600ms.

2. Capacity estimates on single hop Off-network MCX (NR Sidelink autonomous mode)
Typical Configuration Assumptions:

e Voice codec: 13.2 kbps (EVS-SWB or AMR-WB)

e Packet interval: every 20 ms (or 40 ms with bundling)

e MAC overhead + PHY signalling: 15-30%

e Modulation: QPSK to 16-QAM depending on channel conditions
e Target Packet Reception Ratio: 295% at edge UEs

e Sidelink bandwidth: 10 MHz

3. Call Legs per Group (i.e., participants receiving the same group call):
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e Standard Mode 2 (random Sensing Based — Semi persistent scheduling (SB-SPS)) without
enhancements:
o Typically supports 8 to 16 UEs per group call with reliable reception at Packet Reception
Ratio (PRR) = 95% in dense environments.
o Performance degrades beyond this point due to persistent collisions and half-duplex
limitations (i.e., UEs cannot sense while transmitting).
e With Hybrid Automatic Repeat Request (HARQ) and Inter-UE Coordination (IUC) (Release 17+):
o Up to 32 UEs per group call have been shown to be supported reliably, using feedback-
based HARQ and IUC signalling to reduce redundancy and improve resource reuse.
o Using NACK-only feedback (where only UEs that failed to correctly receive a transmission)
reduces uplink feedback, enabling efficient large group multicast.
e  With Group Scheduling (a group leader scheduling in rebel sub-mode [13]):
o Simulations by Morején et al. show leader-coordinated groups can support 40—-64 UEs per
group call reliably, due to reduced collisions and managed slot reuse.

. Number of Simultaneous Group Calls (in a small area):
e |na 10 MHz Sidelink bandwidth, Mode 2 with random scheduling supports:
o 3-5simultaneous group calls
o 2-3 calls with half-duplex UEs, depending on spacing and sensing window
e \With directional antennas and beamforming:
o Capacity increases by up to 2x, enabling 610 group calls in proximity, as directional
transmission reduces mutual interference.
e Group Scheduling + IUC + HARQ:
o Inideal setups (single-hop, high SINR, no mobility), simulations show that 12—16 group calls
can be supported within a ~500m radius using full beam and slot reuse.

2.2 Expected Performance of Off-network Mission Critical Services

KPIs are vital in defining, measuring, and evaluating the effectiveness of Off-network MCS. They serve as
guantifiable metrics that reflect the end-to-end system's expected performance, reliability, and efficiency.
These KPIs are crucial for ensuring compliance with stringent requirements set out by the public safety
communication agencies.

This section delves into KPIs relevant to expected Off-network MCX performance, exploring how they
address the unique challenges posed by mission-critical scenarios. By understanding these KPIs,
stakeholders—including network operators, equipment manufacturers, and standards bodies—can design,
deploy, and optimise Off-network MCX based systems to meet the demands of mission-critical services

2.2.1 Expected Performance for ProSe direct discovery

Public Safety Direct discovery is a critical component of ProSe, allowing devices to identify and connect with
each other in proximity for applications such as those used by public safety.

Note that before the communication can start MC UEs need to discover the devices in their off-network
range with minimal delays.

The following KPIs are defined for direct discovery:

Table 3: Performance KPIs for Off-network MCX Direct Discovery

KPI'ID ‘ KPI name ‘ KPI description Expected performance
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Off-net Off-network MCX Direct discovery model A: From the time an | Less than 600ms, 99% of

MC group member announcing UE  transmits the first | the time in the proximity

KPI1.1 Discovery Time announcement message to the time a | of 124dB coupling loss
monitoring UE receives the announcement | for a power class 3 UE
message for the first. (Note 1)

Direct discovery model B: From the time a
discoverer UE sends the first solicitation
message to the time the discoverer UE
receives a response message from a given
monitoring UE.

Off-net Off-network MCX Same definition as above remote UE | Less than 600ms, 99% of

MC UE-to-Network (monitoring UE) in relation to relay UE | the time in the proximity
KPI11.2 Relay Discovery (announcing UE). of 124dB coupling loss
time for a power class 3 UE

(Note 1)

Note 1: The maximum coupling loss value will be more for the higher power UEs than class 3 power UE. For
example, the power class 1 UE can transmit at 31 dBm and hence its coupling loss for the KPl is 132 dB on
the assumption of required SINR of 3dB (explained in section 4.1).

2.2.2 Expected Performance for Off-network MCX Direct Communications — voice

These KPIs are for direct communications between two or more mission critical UEs without the network
infrastructure as shown in Figure 4.

[#]

Unicast D2D call

> PC5 Interfaces
—

Groupcast D2D call

Figure 4: Direct Communication using Sidelink

Table 4 shows the relevant E2E performance KPIs for a single hop D2D communications.
Table 4: Off-network Mission Critical Services KPIs for direct communication (D2D)

KPI'ID KPI name KPI description Expected performance

Off-net Off-network The time between when an Off-network For groupcast calls and

MCPTT MCPTT Access | MCPTT user request to speak and when this unicast calls: < 500 ms, 95-

KPI1 Time user gets a signal to start speaking not percentile of all D2D MCPTT
including confirmations from receiving users requests and

For off-network MCPTT
emergency groupcast calls
and imminent peril calls: <
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500 ms, 99-percentile of all
MCPTT requests
Off-net End-to-end The time between when an Off-network <1200ms, 95-percentile of
MCPTT Off-network MCPTT user request to speak and when this the Off-network MCPTT
KPI2 MCPTT Access | user gets a signal to start speaking including groupcast calls with
Time Off-network MCPTT call establishment automatic
acknowledgement acknowledgement and
unicast calls with manual or
automatic commencement
Off-net Off-network The time between an utterance by the <300ms, 95-percentile of the
MCPTT MCPTT mouth- | transmitting user, and the playback of the voice bursts
KPI3 to-ear latency utterance at the receiving user’s speaker in
Off-network MCPTT calls
Off-net Off-network The time to enter an ongoing Off-network < 300ms if unencrypted and
MCPTT MCPTT Late MCPTT groupcast call measured from the time | <500ms if encrypted, 95-
KPI4 call entry time | that a user decides to monitor such a Off- percentile of all late entry
network MCPTT Groupcast Call, to the time requests
when the Off-network MCPTT UE’s speaker
starts to play the audio
Off-net Perceived ITU standard Perceptual Objective Listening > Mean Opinion Score 3, 95-
MCPTT voice/audio Quality Assessment (POLQA) as defined in percentile of the
KPIS quality P.863 (Full band mode is used for measurement samples with
measurements) MOS values > 1

NOTE: These KPIs have to be met up to maximum coupling loss (MCL) applicable to the UEs of a specified
power class as defined in Table 7.

Off-network MCPTT KPIs 1 to 5 are defined in alignment with the Off-network and MCPTT KPIs specified in
3GPP TS 22.179 section 7.11.

The expected performance values provided in this document are indicative only and are not specified within
the 3GPP standard itself. They are intended to serve as a general guideline for assessing the performance
of Off-network MCPTT solutions.

The expected performance values are proposed based on the fact that 3GPP has allocated twice the time
budget for PQls compared to the corresponding QCI/5QI values. Consequently, KPIs that depend on
signalling request—response exchanges are assigned longer time thresholds than their equivalents in
network-based communications.

2.2.3 Expected Performance for Off-network MCX U2N relay communications - voice

This scenario is illustrated in Figure 5.
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Figure 5 Off-network MCX UE-to-network relay communications.

The end-to-end QoS for a U2N relay is determined by the combined performance of two segments: the QoS
over the PC5 (Sidelink) interface between the remote UE and the relay UE, and the QoS between the relay

UE and the MCX application server. The corresponding KPIs are summarised in Table 5.

Table 5: Off-network Mission Critical Services KPIs for UE-to-network relay

KPIID KPl name KPI description Expected performance
Off-net U2N MCPTT Access Off-network MCPTT Access Time plus TBD
MCPTT Time MCPTT Access Time (UE to network)
KP16
Off-net End-to-end U2N End-to-end off-network MCPTT Access | TBD
MCPTT MCPTT Access Time Time plus End-to-End MCPTT Access
KP17 Time (UE to network)
Off-net U2N MCPTT Mouth- | Off-network mouth-to-ear latency plus | TBD
MCPTT to-ear latency Mouth-to-ear latency (UE to Network)
KPI8
Off-net U2N MCPTT Late call | Off-network Late call entry time plus TBD
MCPTT entry time Late call entry time
KPI19
Off-net Perceived ITU standard Perceptual Objective TBD
MCPTT voice/audio quality Listening Quality Assessment (POLQA)
KPI5 as defined in P.863 (Full band mode is

used for measurements)

2.2.4 Expected Performance for Off-network MCX multi-hop UE communications - voice

This scenario is illustrated in Figure 6.

End UE Relay UE Relay UE Relay UE End UE
(2] PC5
Je PC5 I I I I PC5 I I PC5 e,e:e
b b -
“«— PC5Q05 ——pe— PC5Q05 ——p «— PC5Q0S —p «—0 PC5Q0S

<4————————— End-to-end QoS for a remote UE to relay UE(s) to remote UE service

Figure 6: Off-network MCX remote UE to relay UE(s) to remote UE communications.
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The end-to-end QoS for a U2U multi-hop relay is determined by the combined performance of two or more
segments of the QoS over the PC5 (Sidelink) interface between the remote UE and the relay UE, and the

QoS between two relay UEs. The corresponding KPIs are summarised in Table 6.

Table 6: Off-network Mission Critical Services KPIs for multihop UE-to-UE relay

KPIID KPl name KPI description Expected performance
Off-net Multihop off- D2D MCPTT Access Time plus MCPTT TBD

MCX network MCPTT Access Time (UE to network)

KPI10 Access Time

Off-net Multihop D2D End- End-to-end D2D MCPTT Access Time plus | TBD

MCX to-end MCPTT Access | End-to-End MCPTT Access Time (UE to

KPI11 Time network)

Off-net Multihop D2D D2D Mouth-to-ear latency plus Mouth- | TBD

MCX Mouth-to-ear latency | to-ear latency (UE to Network)

KPI112

Off-net Multihop D2D Late | D2D Late call entry time plus Late call TBD

MCX call entry time entry time

KPI13

Off-net Perceived ITU standard Perceptual Objective > Mean Opinion Score
MCX KPI5 | voice/audio quality Listening Quality Assessment (POLQA) 3, 95-percentile of the

as defined in P.863 (Full band mode is
used for measurements)

measurement samples
with MOS values > 1

The maximum permissible number of hops between two remote UEs, beyond which the required QoS
becomes unacceptable (i.e., not fit for purpose), must be determined. It is generally assumed to be four
hops; however, this needs to be formally established through evaluation.
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3 Factors affecting the performance

3.1 Maximum Coupling Loss (MCL)

Maximum Coupling Loss (MCL) refers to the maximum loss in conducted power that a system can tolerate
without compromising its operation. It is calculated as the difference between the conducted power levels
measured at the transmitter's antenna port and the receiver's antenna port.

MCL is a key metric chosen by 3GPP to evaluate coverage enhancements, making it a suitable parameter
for assessing the performance of Off-network MCX as well.

Figure 7 illustrates the definition of MCL using a waterfall diagram. The general formula for MCL is:
MCL (dB) = Maximum UE Transmission power — (Noise floor for a service + Noise figure of UE + Required
SINR for a service)

For example, assuming Power Class 3 UEs supporting MCPTT voice using 1.8MHz (10 PRBs) bandwidth, with
a Noise Figure of 7 dB and a Required SINR of 3dB dB for MCPTT voice AMR-WB 12.65 codec (QPSK
Modulation and MCS index 0, the MCL can be calculated as:

MCL = (23dBm- (-174dBm) — 10log10(1800000) dB — 7dB - 3dB) = 124dB

UE Radiated Power (EIRP)

D I UE Tx Antenna Gain
UE Tx power
Maximum Coupling Maximum
Loss (MCL) Path Loss
UE Receiver Sensitivity v
v
D SINR for MCPTT voice UE Rx Antenna Gain
A
UE Receiver Noise Figure

Thermal Noise Floor =-174 + 10log,,(Service Bandwidth Hz)

Figure 7: lllustration of Maximum Coupling Loss vs Maximum Pathloss

MCL is inherently dependent on the intrinsic radio electronics properties of the transmitting and receiving
UEs. This dependency allows for defining service-level end-to-end KPls in a consistent manner, eliminating
reliance on external factors such as antenna properties, environmental conditions, or operating frequency.

Higher maximum UE transmission power provides larger maximum coupling loss.
3.2 Maximum UE transmission power

The maximum transmission power of a UE plays a critical role in providing the required performance of Off-
network MCX within a wider range of coupling loss.
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The maximum transmission power of UEs in 5G is defined in 3GPP TS 38.101-1 and varies depending on the
device category and operating conditions. For Off-network MCX, the relevant power classes are presented
in Table 7:

Table 7: UE power class, their maximum power and MCL

UE power Maximum UE MCL (dB) | Typical usage
class transmission power
1 31dBm (1.26 W) 132 High-power UEs such as vehicle-mounted

devices, used in public safety and mission-
critical applications. Specified only for certain
bands and usage.

1.5 29 dBm (0.8 W) 130 High-power UEs in selected NR bands. It's used
for smartphones and fixed wireless access
(FWA) devices

2 26 dBm (0.4 W) 127 Standard mobile devices may be suitable for
consumer-grade D2D communication. Specified
only for certain bands

3 23 dBm (0.2 W) 124 Default power class and supported by the most
devices for any typical usage

3.2.1 Specific Absorption Rate Compliance

Specific Absorption Rate (SAR) compliance is required for UEs used near the human body or head, where
RF energy absorption by human tissue is a concern. SAR limits are generally not applicable when the antenna
(external or embedded to the UE) is located at a significant distance from the user, such as outside a vehicle.

The Federal Communications Commission (FCC) in the United States mandates that hand-held or body worn
UEs to have a SAR level at or below 1.6 Watts per kilogram (W/kg), averaged over 1 gram of tissue that
absorbs the most RF energy. In the European Union, SAR limits are governed by CENELEC, following IEC
standards. For hand-held and body worn devices, the SAR limit is 2 W/kg averaged over 10 grams of tissue.

UEs equipped with external antennas mounted outside a vehicle can operate at higher output power levels
than handheld or body worn UEs with embedded antennas. These high power UEs (HPUE) are not subject
to SAR constraints because they are positioned away from human tissue, allowing them to provide better
range and performance. However, the maximum output power of these UEs remains regulated by spectrum
management authorities to ensure compliance with regional or country-specific electromagnetic and safety
standards.

It is also worth noting that Off-network MCX UEs may operate at their maximum transmission power since
they cannot be power controlled according to the pathloss between transmitting UEs and receiving UEs.

3.3 RF performance with embedded/external antenna

The type of antenna used by a UE, whether embedded or external, significantly affects its maximum pathloss
due to differences in design, size, efficiency, and performance. The antenna gain does not affect the MCL
but the Maximum Path Loss (MPL).

Maximum Path Loss = MCL + Transmitting UE Gain (dB) + Receiving UE Gain (dB)

Maximum Path Loss determines the coverage range or the reach from a transmitting UE to a receiving UE.
The external and embedded antenna characteristics and their impact are compared in Table 8:
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Table 8: Embedded antenna versus External antenna in UEs

Embedded UE Antennas ‘ External Antennas
Characteristics:

e larger and Adjustable: External antennas,
such as those used in routers, external
modems, or vehicle-mounted devices, are
not constrained by the device's physical
dimensions.

e Compact Design: Embedded antennas are
integrated into the UE's structure, such as
inside a smartphone, tablet, or loT device.

e Optimised Placement: These antennas can
be positioned or oriented to maximise
signal strength and minimise interference.

e Size Constraints: Due to space limitations,
these antennas are smaller, which can limit
their efficiency and gain.

e Performance in Real-World Conditions:
Embedded antennas are often affected by
the surrounding device materials (e.g.,
plastic, metal), which can detune the
antenna and reduce performance.
Impact on maximum pathloss

e Higher Gain: External antennas can give
higher gain due to high antenna efficiency,
providing better maximum pathloss.

e Lower Gain: Embedded antennas typically
have lower gain than external antennas.
Lower gain results in reduced maximum
pathloss.

e Reduced Attenuation: Because they are
not affected by the device casing or user
proximity, external antennas experience
minimal signal degradation.

e Body Interference: The proximity of the
antenna to the user's hand or body can
lead to signal attenuation, further reducing
maximum pathloss.

e Improved Performance at High
Frequencies: External antennas often
perform better at higher frequencies due
to their larger size and better efficiency.

e Frequency Sensitivity: At higher
frequencies (e.g., millimetre waves used in
5G), embedded antennas are more prone
to loss and require precise design to
maintain performance.

e Directional Limitations: Embedded
antennas often have limited directivity,
which can impact the ability to establish
strong connections in certain directions.

3.4 Operating Frequency Spectrum

Off-network MCX utilises the Sidelink PC5 interface, a direct wireless interface for D2D communication. The
Sidelink PC5 interface requires uplink (UL)-only frequency spectrum for communication exchanges, avoiding
dependency on a centralised network infrastructure. This capability is crucial for ensuring reliability and
availability in scenarios like disaster recovery or public safety operations where traditional network
infrastructure might be unavailable.

The frequency spectrum for Off-network MCX must meet stringent requirements to balance coverage,
capacity, interference management, and device capabilities. The available spectrum for 5G ProSe is broadly
categorised as follows:

e Licensed Spectrum:
o Operates in frequency bands allocated exclusively to mobile network operators (MNOs).
o Examplesinclude sub-6 GHz bands such as 700 MHz (n28), 1.8 GHz (n3), and 3.5 GHz (n78).
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e Unlicensed Spectrum
o Shared usage spectrum regulated by governing bodies (e.g., FCC, Ofcom).
o Includes popular bands such as 2.4 GHz, 5 GHz, and the emerging 6 GHz band for broader
bandwidth and faster data rates.
While easily accessible, unlicensed spectrum is prone to interference, which may affect
reliability in critical applications.
e Public Safety Spectrum
o Reserved exclusively for public safety communications to ensure availability during
emergencies.
o Examplesinclude the 700 MHz Public Safety Band (Band 14) in the U.S. and 400 MHz bands
used in Europe for emergency services.
o Dedicated spectrum ensures minimal interference, prioritised access, and enhanced
security.

Spectrum Constraints for Off-network MCX
The effective operation of Off-network MCX depends on several spectrum-related constraints:

e UE Transmit Power

Off-network MCX UEs are often subject to maximum transmit power limitations, typically regulated to SAR
requirements near human body use. Higher transmit power allows better range but comes with trade-offs
like increased energy consumption and potential interference.

e [nterference

Interference from neighbouring devices or systems, especially in shared or unlicensed bands, can degrade
Off-network MCX communication quality.

e Path Loss and Coupling Loss:

MPL or MCL determines the communication range of Off-network MCX. Sub-GHz frequency bands are
generally preferred because they experience less path loss and provide better penetration through
obstacles like buildings.

Preferred Spectrum Requirements for Off-network MCX
Based on the above considerations, the preferred spectrum characteristics for Off-network MCX are:

e |ow-Frequency Spectrum

Frequencies in the sub-GHz range (e.g., 400 MHz, 700 MHz) are ideal due to their superior propagation
characteristics.

These frequencies provide extended range, improved penetration through obstacles, and better
performance in rural or remote areas for a given MCL.

e Dedicated Spectrum for Public Safety

Spectrum that is exclusively allocated or licensed for public safety ensures minimal interference, prioritised
access, and high reliability during emergencies.

e Minimisation of Shared Use

Avoiding shared spectrum, particularly with commercial or even public safety networks, reduces the risk of
interference and ensures consistent QoS for MCX.

e Scalability for Future Needs
The spectrum should allow scalability to accommodate future enhancements, such as higher data rates for
video transmission or increased device density with simultaneous operation of multiple groups in and
around an area.
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The choice of spectrum for Off-network MCX is fundamental to its performance, reliability, and range. While
low frequency, dedicated public safety spectrum is ideal, practical deployments may also leverage licensed
and unlicensed bands with appropriate interference management strategies. By adhering to these preferred
spectrum requirements, Off-network MCX can effectively meet the stringent demands of mission-critical
and public safety applications.

3.5 Subcarrier spacing and numerology
5G NR uses a flexible numerology approach, which allows different subcarrier spacings based on the
deployment scenario and spectrum band. The subcarrier spacing options are derived as:

Af=2 M x15 kHz

Table 9: Supported transmission numerologies.

Numerology ( A ) Af =2*-15[kHz] Cyclic prefix
0 15 Normal
1 30 Normal
2 60 Normal, Extended
3 120 Normal
4 240 Normal
5 480 Normal
6 960 Normal

Subcarrier spacing (numerology) of 15 (0), 30 (1) and 60 (2) kHz are only used in 5G ProSe and hence in Off-
network MCS. Subcarrier spacing of 30 kHz is commonly used striking a balance between coverage range,
spectral efficiency, and latency.

The choice of subcarrier spacing depends on a few factors:

e Operating Frequency:

Lowest subcarrier spacing (e.g., 15 kHz) is suitable for sub-GHz with longer symbol durations, ensuring
robustness against multipath and intersymbol interference. Higher subcarrier spacing (e.g., 30-60 kHz) is
better for higher frequencies where Doppler shifts and latency become critical.

e [atency Requirements:

MC applications often require low latency. Higher subcarrier spacing reduces symbol duration and improves
responsiveness.

e Mobility and Doppler Shift:

In high-mobility scenarios (e.g., V2X, A2X drones), higher subcarrier spacing provides better tolerance to
Doppler effects, enhancing communication reliability.

e  Spectrum Bandwidth:
Larger bandwidths require higher subcarrier spacing to accommodate more resource blocks efficiently.
Depending on the use case (stationary or fast mobility and open or dense urban environment) and the

system constraints (frequency spectrum and available bandwidth), an appropriate subcarrier spacing can
be flexibly chosen to meet the demands of Off-network MCS.

3.6 Movement speed of UEs

If a transmitting UE and a receiving UE are moving at a higher speed relatively to each other a frequency
shift also known as Doppler effect occurs. The change in frequency due to Doppler effect is:

Theoretical Performance of Off-network MCX. July 2026 Page 24 of 51



Af: change in frequency
Av: relative speed of the receiver UE with respect to the transmitter UE.

c: propagation speed in the medium

fo: carrier frequency

As the equation indicates, a higher transmitted frequency and/or a higher relative speed between UEs result

in a greater frequency shift.

Table 10: Example of frequency error due to Doppler shift

Frequency error due to Doppler shift
Speed kmph F: 450MHz F: 720MHz F: 3.6GHz
60 25Hz 40Hz 200Hz
120 50Hz 80Hz 400Hz
240 100Hz 160Hz 800Hz

Doppler shift increases with the relative speed between the transmitter and receiver. Higher Doppler shift
significantly deteriorates the Block Error Rate (BLER) performance of the transmitted Transport Block,
especially with higher order modulation and higher rate coding schemes. Robust MCS like QPSK and lower
code rates are more resilient to Doppler effects. Demodulation Reference Signals (DMRS) are used for
channel estimation. The ability to track fast channel variations will be affected by the number of DMRS
symbols used [10].

3.7 SINR

SINR affects the performance of 5G NR Sidelink based Off-network MCX. A high SINR results in reliable
connection, lower latency, good voice quality and better data rates, The sources of interference that result
in low SINR are:

1. Interference from other Sidelink devices

Multiple Off-network MCX devices transmitting on the same channel due to sharing the spectrum can
interfere with one another. Separate time/frequency resource allocation (resource pool) may mitigate this
issue.

2. Cellular network interference
If Sidelink shares spectrum with regular cellular transmissions, the cellular network interference can
degrade the SINR of the Sidelink. It reduces the reliability of Sidelink communication, especially in hybrid
network-assisted Off-network MCX.

3. Hidden node problem
A Sidelink UE may not detect another interfering UE due to obstacles or distance leading to unintended
interference during transmission.

4. Resource allocation and scheduling conflicts
When multiple UEs select the same time-frequency slots for Sidelink, scheduling conflicts can happen.

5. Use of unicast communication for group calls

When a talker UE uses multiple unicast transmission to communicate with more than one listening UEs, the
unicast channels can cause interference to individual unicast links of the same UE.

6. Not using half-duplex operation

This is not strictly an interference issue, but rather a fundamental characteristic of how Sidelink operates. If
two UEs—say UE1 and UE2—transmit at the same time, neither can listen or receive the other’s
transmission.
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While this scenario may appear as interference from the perspective of other devices (which might still be
able to decode one or both messages), it is impossible for UE1 and UE2 themselves to receive anything
during simultaneous transmission.

3.8 The environment

The physical obstructions such as buildings, trees and terrain, and weather conditions such as rain, snow,
fog and humidity can cause additional pathloss. The obstructions create No-Line-of-Sight situations
between the transmitting and receiving UEs. In the urban environments Sidelink signals can additionally
undergo multipath fading. In non-terrestrial use cases, such as operations at sea, where signal propagation
can be affected by the open-water environment, ship structures, and maritime weather conditions.

3.9 Loss margins for reliability and robustness
Additional losses can be incurred by Sidelink between transmitting and receiving UEs. A margin as required
is subtracted from the coupling loss to find a range of reliable and robust Sidelink communications.

3.10 Range

In the context of Off-network MCX, range is the maximum physical distance between a transmitting UE and
a receiving UE to have reliable mission critical communications. For a given MCL, the communication range
of a Sidelink for a reliable Off-network MCX service can widely vary depending on many factors: antenna
characteristics and its integration (embedded/external), the frequency spectrum, subcarrier spacing, the
speed of mobility, SINR, the environment and other loss margins.

It is noted that UE’s maximum transmission power and the receiver sensitivity is considered in the MCL.
Peng Liu et al. [9] estimated the ranges for typical environments for a given MCL and UE transmission power
(23 dBm) from link-level simulations of a 5G NR Sidelink with a target transport block loss rate of 0.5%. The

ranges are shown in Figure 8.

1200

981.8

1000

800
- 644.9
E 582
g 600
c
[v]
o

389
400 354.1
304.4
200 I 139 126.6
0 . .
02010SAWGN 02010SPedB  02010SVehB 020 NLOSPedB O20NLOSVehB 121 PedB  O2INLOSPedB  O2INLOS Veh B

Figure 8: Communication range under different environments

Where 020 refers to Outdoor-to-Outdoor, 12| refers to Indoor-to-Indoor and 02| refers to Outdoor-to-
Indoor.

These results are based on the assumptions listed in Table 11:
Table 11: Parameters used for the calculation of communication range in Figure 8

Parameters Assumptions
Frequency n14, centre frequency 795 MHz
Duplex mode FDD
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UE power class 3 (23 dBm)

Call type one-to-one call

Numerology 0 (15kHz)

Noise Figure 9dB

Bandwidth 10MHz, 10 PRBs (Physical Resource Blocks) (1.8MHz) allocated for

transport block transmission

Modulation & Coding Scheme | Equivalent to CQl 1

Environment Line Of Sight (LOS) and No Line Of Sight (NLOS

020: Both UEs (Tx and Rx) are outdoors, 12I: Both UEs are indoors,
021: One UE is outdoors and the other, indoors

Channels: Adaptive Wide Gaussian Noise (AWGN), Pedestrian B
(Ped B) and Vehicular B (Veh B)

# of transmissions/packet 1

The range values for different environments presented in the bar chart is for a single transmission of the
packets. The range values significantly improve with multiple transmissions in the simulations [9].
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Figure 9: Communication range and latency for blind-based HARQ and feedback-based HARQ, at Target Loss Rate of 0.5%

As shown in Figure 9, as the number of transmissions increases (up to the maximum of 32), the
communication range improves for the 020 LOS AWGN channel. However, this comes with negative
consequences: higher delay and greater utilisation of resources, particularly radio spectrum.

Latency for feedback-based retransmissions increases significantly as the maximum number of
transmissions grows, although the range improvement follows a similar trend to that of blind
retransmissions. While blind retransmissions achieve lower latency than feedback-based schemes, they
consume substantially more bandwidth resources, especially at higher transmission counts.

3.11 Time synchronisation source

In NR Sidelink (D2D) Mode 2 (autonomous) operation, UEs must synchronise timing and frequency without
network or GNSS. This is critical for MCPTT and MCX when base stations are unavailable. Release 17 and
onward specifies Synchronisation Reference UEs (SyncRef UEs) that broadcast Sidelink synchronisation
signals (S-SSBs) (containing Sidelink PSS/SSS and Master Information Block) over a Sidelink broadcast
channel (PSBCH). Nearby UEs detect these S-SSBs and align their clocks to the SyncRef UE [8]. The
procedures are defined in TS 38.331 (RRC) and TS 38.213 (physical layer) and summarised here.
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Autonomous Synchronisation Procedures (Out-of-Coverage)

When UEs operate out of cellular coverage, they use pre-configured Sidelink parameters or SIB12
broadcasts to govern synchronisation. The RRC spec (TS 38.331, section 5.8.5) mandates that a UE transmits
S-SSBs and the MasterinformationBlock-SL (MIB-SL) if it determines it must serve as a sync source. In
practice, a UE will broadcast S-SSB on the Sidelink frequency when network-controlled sync is unavailable
and its reference signal strength is below a threshold, or when configured to use GNSS as a timing source.
Specifically, if the UE has no better reference (no gNB or GNSS, or the reference RSRP < syncTxThreshOoC),
it triggers PSBCH (SLSS/MIB) transmission every 1, 2, 4, 8 or 16 frames as configured. Each S-SSB includes
SL-Primary/Secondary Sync signals and a Sidelink MIB, allowing other UEs to decode system information
and align symbol timing and frequency. UEs receive S-SSBs by tuning to the configured subframe and symbol
(as per sI-NumSSB-WithinPeriod, sl-TimeOffsetSSB, sl-Timelnterval). In short, one or more UEs voluntarily
become sync broadcasters, periodically emitting S-SSB, and peers “listen” to these signals to synchronise.

SyncRef UE Election and S-SSB Transmission

Election of Sync Reference UE

TS 38.331 section 5.8.6 specifies how a UE selects its synchronisation reference. By priority order, a UE
chooses between GNSS (if available), a cellular base station (if in range), or a SyncRef UE. If no GNSS or gNB
is available, the UE scans for S-SSBs from peers. UEs attempt to detect one or more Sidelink
primary/secondary sync signals (S-PSS/S-SSS) that exceed a receive-power threshold (sl-SyncRefMinHyst)
and for which a valid MIB-SL was decoded. If such “candidate” SyncRef UEs are found, the UE picks the
highest-priority one according to a fixed hierarchy (TS 38.331 section 5.8.6.2a). In essence, GNSS or
network-derived references are top priority; next are SyncRefs directly synchronised to GNSS/gNB; then
SyncRefs further removed; and finally, an internal free-running clock as a last resort. For example, if network
sync priority is configured, any peer UE broadcasting S-SSB marked “inCoverage=true” is favoured (highest
PSBCH-RSRP first, priority 1), then those “inCoverage=false” (priority 2), followed by GNSS (priority 3), then
UEs with SLSSID=0 (priority 4—6). (TS 38.331 defines the exact SLSSIDs sets and bit flags). If no SyncRef UE is
found, the UE may declare itself its own reference (select internal clock) and begin transmitting S-SSBs.
Thus, peers dynamically elect one or more SyncRefs based on the strongest available signals, ensuring at
least one timing source remains in out-of-coverage clusters.

S-SSB Broadcast and SLSS Configuration

A selected SyncRef UE broadcasts S-SSBs on its Sidelink band. The RRC configuration (or pre-config) provides
the SLSS parameters: number of SSBs per period (sl-NumSSB-WithinPeriod, typically a small power-of-2),
slot offsets (slI-TimeOffsetSSB), and slot intervals (sl-Timelnterval). UEs assume a 16-frame periodicity for S-
SSB transmission. Within each 16-frame cycle, the SyncRef UE transmits the specified number of S-SSBs at
configured slots. These consist of a S-PSS symbol, a S-SSS symbol, and a PSBCH symbol (carrying MIB-SL).
For example, Elkadi et al. demonstrated a SyncRef UE broadcasting S-SSB periodically over-the-air; nearby
UEs detected this block and successfully synchronised timing and frequency to the SyncRef [8]. The SLSS
(Sidelink secondary sync signals) use the same core sequences as NR PSS/SSS (with different IDs) and occupy
the centre 62 subcarriers of the SL Bandwidth Part (BWP). UEs coordinate multiple SyncRef transmitters by
selecting distinct SLSSIDs and different time-offset slots (e.g. offset by half a period) so that two SyncRefs
do not broadcast in the same symbols. The spec ensures that if a UE selects a SyncRef, its own SLSS is
transmitted with a different SLSSID or slot from that of its reference. In summary, SyncRef UEs periodically
transmit S-SSB/PSBCH (SLSS + MIB-SL) on the Sidelink channel, giving other UEs a timing/frequency beacon.

Performance Trade-Offs (No GNSS)

Operating without GNSS or network timing imposes challenges. First, frequency and timing drift accumulate
as UEs rely on local oscillators. Typical UE crystal drift (order +1-5 ppm) yields microseconds of offset per
second. Over many seconds/minutes, unsynchronised clocks can slip by whole symbols. For example, 1 ppm
is ~1 us/s, so in an hour a drift ~3.6 ms (~4 slots at 15 kHz Subcarrier spacing). This degrades orthogonality
if left unchecked. SyncRef broadcasts mitigate drift by resyncing neighbours regularly; but if SyncRef signals
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weaken or stop, drift (and frequency error) will grow, eventually causing link timing errors and misaligned
resource pools.

Second, stability vs. interference: A SyncRef UE must broadcast frequently enough to maintain sync yet limit
collisions. If too few SyncRefs operate, large UE groups risk drifting apart. If too many UEs independently
start broadcasting S-SSBs, their transmissions may collide or confuse receivers. The Transmitting Sidelink UE
(TS) mitigates collisions by assigning different SLSSID ranges (in-coverage vs out-of-coverage sets) and time-
offset patterns. But with high UE density, the risk remains that multiple SyncRefs’ S-SSBs overlap in
time/frequency, degrading neighbour’s sync (interference on PSBCH) and wasting resources. Similarly, using
internal oscillators or indirect SyncRefs (two hops away) can increase timing error propagation (each hop
adds jitter). Thus, in pure ad hoc mode the network tolerates some mis-synchronisation, but performance
(e.g. link reliability, latency) deteriorates as drift and interference increase.

Third, collision risk in resource selection: Rel-16/17 Sidelink uses sensing-based resource selection. UEs
transmit and detect PC5-SCI/PSCCH to avoid collisions. But unsynchronised UEs might misalign slots, causing
hidden collisions. Also, slot and frame timing misalignment can cause UEs to believe resources free when
neighbours will transmit (resource overlap). Drift can cause resource selection windows to desynchronise,
increasing collision probability.

Overall, the trade-off is between robustness and overhead: more frequent SyncRef transmission (shorter
period, more SyncRefs) yields tighter alignment but costs power and airtime. Conversely, sparse sync saves
resources but allows greater drift and potential loss of communication.

Challenges and Mitigations

Synchronisation loss: If all SyncRefs are lost (e.g. mobility or obstruction), UEs fall back to internal clocks,
drifting apart. Restarting sync may require random election, which can cause initial chaos. TR 37.985 notes
that if no external source is found, UEs use their own clocks and periodically attempt to find any SyncRef.
To mitigate, UEs are pre-configured to transmit their own S-SSBs when coverage dips below thresholds. This
redundancy can maintain a chain of timing, but without authentication (see below), false references are
possible.

Scalability with UE density: As UE count increases, simultaneous RRC signalling and SLSS broadcasts can
congest the channel. Slotted S-SSBs consume symbols every 16 frames per SyncRef UE; in dense scenarios,
many symbols per frame might be reserved for PSBCH rather than data. Moreover, the TS predefines only
a few time-offset patterns (sl-SSB-TimeAllocation options). If many UEs become SyncRefs, these few
patterns may be shared, leading to collisions. One mitigation is Sidelink relay: UEs with Uu connectivity can
act as pseudo-refs, reducing pure ad-hoc clusters. Additionally, studies suggest dynamic partitioning of UEs
into hierarchical sync zones. For example, multi-hop mesh proposals allow local clocks to sync to one
primary SyncRef through chain of intermediate UEs [8].

Interference: S-SSB uses the same band as data (in SL BWP). A strong S-SSB can desensitise neighbours’
receivers, especially in low-density channels. Also, S-SSB is unprotected and periodic, potentially enabling
malicious interference. The lack of authentication means a jammer/attacker could transmit bogus S-SSBs
(false SLSSID) to confuse UEs [15]. Security solutions such as signed SLSS or fast SHA-based integrity for the
MIB-SL have been proposed but are not in Rel-17.

Power and Overhead: SyncRef UEs consume extra power. Continuously transmitting S-SSB (even a few
symbols every 160 ms) is significant for battery-powered devices in emergency scenarios. Similarly, UEs
must keep their receivers active to detect S-SSBs at least at configured periodicity, raising energy cost. RRC
can mitigate by allowing network control (enable/disable SyncTx) and limiting multi-frequency sync (sl-
SyncTxMultiFreq). However, absent network control, a UE may burn battery broadcasting S-SSBs. Overhead
also arises in MIB-SL and possible PSCCH exchanges for coordination.

Protocol Enhancements and Vendor Strategies
To address these issues, 3GPP has introduced several features and studies beyond Rel-17:

e Flexible Sync-period and Frequency Diversity: The spec already allows multiple SSB occasions per
16-frame period and multiple SLSSIDs. Future work (Rel-18) considers multi-carrier sync and
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additional time-offsets to further deconflict sync UEs. Uplink timestamps or relative timing reports
(from beamforming) are not in Rel-17 but are studied to improve stability.

e Pre-Config Sync Pools: UEs can be pre-provisioned with “syncRef” roles or alternate sync
frequencies. Vendors suggest heuristics: e.g., assign SyncRef roles to vehicles/topology nodes most
likely to maintain GNSS link or high battery, reducing random contention. Qualcomm whitepapers
note that real-time sensing (via SL-RSRP) is used to autonomously decide which UE assumes SyncRef
role.

e Resource Selection Algorithms: In high-density environments, enhancements to Mode 2 (sensing)
like intelligent selection windows and collaborative scheduling are proposed, which indirectly
benefit synchronization by avoiding collision of SSB with data. For example, UEs might avoid
scheduling data in the slots reserved for SLSS transmissions of detected SyncRefs.

e Security Measures: GSMA and research highlight adding authentication (e.g. signing MIB-SL or using
PSFCH feedback to verify timing) to thwart spoofing [8]. Until such features are standardised,
implementations may restrict acceptance of an SSB-only if accompanied by location or group
credentials.

e Vendor Prototypes: Open-source and commercial testbeds demonstrate viability. The Open Air
Interface NR Sidelink testbed (Elkadi et al.) successfully implemented S-SSB transmission and
synchronisation under realistic channels. Qualcomm and others have prototypes of MCPTT Sidelink
demonstrating call setup in ad-hoc mode; while detailed results aren’t public, vendors report
achieving latencies comparable to LTE-D2D. Simulations (e.g. NS3-based studies) have shown that
proper SyncRef election reduces collision rates significantly compared to random unsynchronised
mode.

e Relay and Hybrid Solutions: 3GPP Release 18 (5G-Advanced) is studying Sidelink relays (UE-to-UE
and UE-to-Network) and “Sidelink for unlicensed” which indirectly help by allowing devices with any
kind of connectivity to reinforce timing to ad-hoc groups. For pure public safety, proposals include
hybrid Uu/D2D mode: UEs in range of any small LTE/5G overlay share timing to neighbours via
Sidelink.

Out-of-network NR Sidelink provides critical direct-mode connectivity for public safety but requires
complex distributed synchronisation. Release 17 introduced a detailed SyncRef election and S-SSB
broadcast mechanism (handled via RRC and PSBCH) to allow autonomous timing alighment. The trade-offs
include drift accumulation, increased interference and power usage, and vulnerability to spoofing. To
mitigate these, UEs use priority-based selection and thresholds to limit who becomes SyncRef, and pre-
configured policies (e.g. syncTx thresholds) to adapt to coverage changes. Ongoing work (Rel-18, vendors,
research) targets more robust algorithms, relay-assisted sync, and security enhancements to ensure
reliable Sidelink synchronisation in GNSS-denied, mission-critical scenarios.
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4 Performance Evaluation of NR Sidelink for MCPTT

This section discusses the link budget assumptions and system-level simulations of NR Sidelink Mode 2
operation for the MCPTT application. This would help us in answering the fundamental questions pertaining
to the communication range and capacity (the number of simultaneous conversations in proximity)
supported by the NR Sidelink for MCPTT. The evaluation method presented in this section can be easily
extended to other Off-network MCX applications such as MCVideo and MCData.

4.1 Link Budget

4.1.1 Transport Block Size (TBS)

The TBS is a critical factor that determines the performance of the communication link as it directly impacts
the number of resources and MCS required for the transmission of the packets. The breakdown of the
various components that constitute the TBS is presented below for MCPTT voice calls.
Voice Payload: As mentioned in the service description in section 1.4.2, 3GPP MCPTT specification TS 26.179
mandates the use of AMR-WB 12.65 audio codec for voice media. Therefore, considering a rate of
approximately 13 kbps, the voice traffic generates 260 bits every 20 ms. If bundling of the speech frames is
allowed, then the voice payload would be 520 bits every 40 ms.
RTP/UDP/IP Header: The RTP header and UDP header size are 12 bytes and 8 bytes respectively, and the IP
header size is 20 bytes for IPv4 and 40 bytes for IPv6. However, the total header size can be effectively
reduced using Robust Header Compression (RoHc) to 3 bytes.
Security Overhead: The integrity and confidentiality protection for MCPTT communications is achieved
using the Secure Real-Time Transport Protocol (SRTP). For the AES GCM in SRTP, the authentication tag is
transmitted as part of the payload, and this could be 16 bytes long. Further, according to TS 33.180, the
SRTP packets shall include a Master Key Identifier (MKI) field which could be 10 — 20 bytes long and may
include the SRTP Roll Over Counter (ROC) (which could be 4 bytes). Therefore, the total security overhead
could be up to 40 bytes.
Total TB Size: Based on the above components of the Transport Block (TB), the TBS will be determined
considering two options, with and without speech frame bundling.

e Option 1 (with bundling): TBS = 520 bits (voice payload) + 24 bits (RoHC) + 320 bits (security) = 864

bits (108 bytes) every 40 ms
e Option 2 (without bundling): TBS = 260 bits (voice payload) + 24 bits (RoHC) + 320 bits (security) =
604 bits (76 bytes) every 20 ms.

4.1.2 Channel Models

Two outdoor environments were considered for the link budget analysis:

(i) Rural Macro LOS (Table 7.4.1-1 in 38.901) and
(ii) Urban Micro NLOS model (A.2.1.2 in TR 36.843).

Rural Macro LOS:
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Shadow Applicability range,
«n | Pathloss [dB], fcis in GHz and d is in meters, see note 2 fading antenna height
2|9 std [dB] default values
25
% = 10 d d
PL, m < d,p < dgp
PLgpa—0s = {PLZ dgp < dyp < 10km’ see note 1 hgs = 1.5m
For 10 m < dyp < dgp, hyr = 1.5m
PL; = 20log;o(40mdspf,/3) + min( 0.03h172,10) log;o( dsp) or = 4 W =20m
—min(0.044h'72,14.77) + 0.002 log;, ( h)d3p h=5m
S| 8 PLy = PLy(dgp) + 4010g10(d3p/dgp) For dgp <dyp<10km, | h=avg. building height
< = osp =6 W = avg. street width
The applicability ranges:
5m < h <50m
Sm<W <50m
10m < hgs < 150m
Im < h;; <10m
NOTE 1: Break

point distance dgp = 21 hss hur fo/c, where f. is the centre frequency in Hz, c = 3.0 x 108 m/s is the propagation
velocity in free space, and hgs and hyr are the antenna heights at the BS and the UT, respectively.

NOTE 2:

fc denotes

the centre frequency normalised by 1GHz, all distance related values are normalized by 1m, unless it is

stated otherwise.

Urban Micro NLOS:

Applicability
.g § Pathloss [dB], f. is in GHz and d is in meters, see note fSaIL:-::ow range,
S| 2|2 € | antenna height
o | @ std [dB]
o | O default values
0w | a
A = 227,B = 41.0,C = 20 c=3 | 10m<d, <djp
PL = 40.0log,,(d,) + 9.45 — 17.3log,o(h'ss)
— 17.310g10(h' yys) + 2.7 10g10( f./50) | =3
dgp <d; <5km
hgs = 10m
hys = 1.5m
7]
=98
PL =min( PL(dy,d,), PL(d,,d,)) hgs = 10m
where hys = 1.5m
PL(dy,d;) = PL_LOS(dy) + 20 — 1251, o=4 10m <d,
+ 10 log10(d;) + 3log10(f, / 5.0) < Skm
nj = max(2.8 — 0.0024 d,, 1.84) W/Zf_dzzﬁ —
PL_LOS is the path loss of B1 LOS scenario Wh:n = «om
- 0<d,<w/2
9 the LOS PL is
|z applied
Where:

PL: Pathloss in dB
fc: Carrier frequency in GHz
d: Distance in meters

Shadow fading std (o): Standard deviation of shadow fading in dB

di,d2: Distances between transmitter and receiver in meters:

di: Primary distance

d,: Secondary distance (used for NLOS calculation with min function)

hes: Base Station antenna height (default: 10 m)

hms: Mobile Station (UE) antenna height (default: 1.5 m)
d'ge: Breakpoint distance (used for LOS applicability range)

Theoretical Performance of Off-network MCX. July 2026

Page 32 of 51




n_j: Pathloss exponent adjustment factor:
w: Street width (default: 20 m)

NOTE: Small-scale fading effects were represented statistically in the simulations. These effects were
incorporated into the generation of the link-level performance curves (SNR vs. BLER), which were then used
as inputs to the system-level simulations.

The achievable ranges correspond to 99% reliability, derived from the average SNR-versus-distance curves
under those assumptions.

4.1.3 Link-level Performance

Considering Option 1 for the TBS, the transmission of the TB requires MCS 8 for 1 subchannel (10 PRBs).
Based on Qualcomm’s internal evaluation, assuming 2 Rx antenna and combining at the receiver, the SNR
required to achieve 1% BLER (99% reliability) for the 1% stage Sidelink Control Information (SCI-1)
transmitted over Physical Sidelink Control Channel (PSCCH) is -7.5 dB. Please note that the requirements for
SCI-1 are agnostic to the TBS. However, to successfully decode the 2" stage SCI and data with TBS 864 bits
transmitted in Physical Sidelink Shared Channel (PSSCH), assuming each packet is transmitted twice (1 blind
retransmission), the SNR required to achieve 1% BLER is nearly -3.5 dB.

With option 2 for the TBS of 604 bits, the transmission of the packet requires MCS 6 for 1 subchannel (10
RBs). While the SNR requirement for SCI-1 remains the same as above, the required SNR for 1% BLER in this
case is approximately -5 dB.

4.1.4 Achievable Ranges

The transmit power of the UEs is assumed to be 23 dBm. The received signal power at a receiver UE is
calculated as Received power = Transmit power — (Pathloss + Shadow fading),

where the pathloss depends on the carrier frequency, distance between the transmitter and the receiver,
and the environment. Based on the channel models described earlier, the pathloss can be determined for
a given distance and carrier frequency in those scenarios.

For a carrier frequency (fc) = 450 MHz, the SNR vs distance plot for the two scenarios is shown in Figure 10.
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Figure 10: SNR vs distance plots for Rural Macro LOS and Urban Micro NLOS

For option 1 (TBS of 864 bits), the achievable range with 99% reliability is approximately 1440 m in Rural
Macro LOS (R Ma LOS) scenario and 402 m in Urban Micro NLOS (U Mi NLOS) scenario. With option 2 (TBS
of 604) bits, the corresponding ranges are 1570 m and 440 m, respectively.

4.2 System-level Performance
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4.2.1 Objectives

The primary goal of this study is to evaluate the performance of NR Sidelink for Off-network MCS,
particularly MCPTT using system-level simulations. Modelling the real-world traffic and spatial distribution
of users, the system-level simulations aid in assessing the reliability of the Sidelink for public safety use
cases.

4.2.2 Simulation scenarios and assumptions

4.2.2.1 Network layout model

A network with a fixed group density is considered, i.e., groups are located per unit area. It is known that
transmission occurs from only one UE in each group at any given time. Therefore, for ease of simulation,
one UE from each group is dropped in the network.

The UEs are uniformly distributed inside a disc of radius. The details of the network layout model are listed
below in Table 12.

Table 12: Network layout parameters for RMa

Parameters Values Remarks
Group density 10 groups per sq km

Radius of simulation area 1km

Total number of UEs (groups) 32

UE antenna height 15m

UE distribution (horizontal) Uniform

Scenario Rural Macro, LOS

4.2.2.2 Propagation model

The pathloss for Rural Macro LOS scenario is modelled according to the equations described in Section 5.1.2.
The distribution of the shadow fading is log- normal and its standard deviation varies with the distance
between the transmitter and receiver devices.

4.2.2.3 Antenna model

The transmitting UEs are assumed to have 1 Tx antenna with an isotropic pattern with O dBi gain. The
receiver UEs are assumed to have 2 Rx antennas and uses maximal ratio combining to improve the SINR.

4.2.2.4 Traffic model

For MCPTT, the voice traffic generated at each UE in the network is modelled as described in Section 5.1.1
(Option 1). A voice packet of 864 bits (bundled voice payload + header + security) is broadcast every 40 ms.
Further, as there is no feedback in broadcast, one blind retransmission of each packet is considered to
improve reliability.

4.2.2.5 Link-level performance for NR Sidelink

The link-level performance for the traffic model described above is characterized through link-level
simulations which captures the frame structure of the Sidelink packets. Some of the assumptions used in
the link-level simulations are listed in the table below.

Table 13: Link-level simulation parameters

Parameters Values Remarks
TBS 864 bits
Number of PSCCH symbols 3
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Number of PSSCH symbols 9

Subcarrier Spacing 15 kHz

Modulation QPSK

Beta offset 2.5

Channel AWGN

Number of transmissions 2 Including 1 blind retransmission
Number of Rx antenna 2

Qualcomm’s internal assessment shows the link-level performance for this setup in Figure 11.

100 NR SL Link-level Performance
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Figure 11: NR SL Link-level performance (Qualcomm)
4.2.2.6 Other simulation parameters
Figure 12: Other simulation parameters
Parameters Values Remarks
Channel Bandwidth 5 MHz
Resource blocks (RBs) per | 10
subchannel
Carrier frequency 1.7 GHz
Subcarrier spacing 15 kHz
UE Max Tx Power 23 dBm
UE Noise Figure 9dB

4.2.3 Methodology
Adopt following simulation steps.

1. Sidelink network is generated by dropping UEs uniformly across the network.

2. Traffic is generated at each UE and the resources for transmission are chosen according to semi-
persistent scheduling procedure in TS 38.214.

3. Foreach transmitting UE, the location of other UEs in the network is considered to be the location
of receiver devices in the network and the SINR at each receiver node is calculated.
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4. Based on the link-level results, the probability of the successful reception of that packet is
determined for the computed SINR. A Bernoulli trial is used to declare a packet as success or failure.

5. The accumulation of success rate of reception for each packet transmitted at each of the receiver
nodes is used to calculate the PRR as a function of the distance between the transmitter and
receiver nodes.

4.2.4 Simulation results

The simulation results of the PRR are presented in Figure 13.

Voice Traffic - RMa LOS
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Figure 13: PRR vs Distance for MCPTT voice traffic in RMa LOS scenario.

4.2.,5 Conclusion

The simulation results, a range of 1 km is possible with 99% reliability for MCPTT voice traffic using Sidelink
communications in AWGN channel.
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5 Optimisation of the performance of Off-network MCX

This section outlines feasible mechanisms for optimising Sidelink performance to ensure reliable and robust
delivery of applications data via Off-network MCX across a variety of environments and expected operating
ranges.

The descriptions of considerations in each subsection are presented as standalone topics. However, there
is notable overlap among them, as certain aspects may hold greater relevance for one audience than for
another.

Depending on the specific off-network mission critical use case, the Sidelink configuration should be tailored
to prioritise the most critical performance parameters. For instance, in scenarios where extended range is
paramount, it may be necessary to accept trade-offs in latency, throughput, or capacity to achieve the
required communication distance.

Most optimisation considerations for Off-network MCX originate from the Sidelink interface, which is also
utilised by V2X vertical applications. Additional optimisation areas exist at the NR ProSe level and,
subsequently, at the MCX application level.

Figure 14 illustrates the relative scope and distribution of optimisation across technology layers.

MCS client
optimisation

NR ProSe optimisation

PC5 optimisation physical/MAC/RLC/PDCP/PC5 layers

Figure 14: Technology pyramid for optimisation scope and distribution

5.1 Range enhancement optimisation
In some use cases, the range can be a critical factor in Off-network MCX. From the standards, simulations
and theoretical studies, the following techniques are identified to enhance the range.

Physical Layer Enhancements

e Robust Modulation and Coding: Using lower-order modulation or more robust coding dramatically
extends link range. Link-level NR Sidelink simulations show that as MCS index increases (i.e. higher-
order modulation), the required SNR to achieve a given BLER rises sharply. For example, BLER-vs-
SINR curves show MCS1 (QPSK) reaches 1072 BLER at ~—6 dB SNR, whereas MCS25 requires ~+10 dB
[9]. Thus, choosing a lower MCS (e.g. QPSK, low code rate) when range is critical can extend
coverage at the cost of latency, throughput and capacity.

e Power Control / Pathloss Compensation: NR Sidelink supports transmit power control based on path
loss. In off-network Mode 2, UEs can raise transmit power up to regulatory limits to maximise range.
Path-loss compensation parameters (set in RRC/PC5) allow increasing P_TX for distant peers.

e Numerology and Timing: NR’s flexible numerology (subcarrier spacing and slot length) can be tuned
for coverage. A system-level study found that using p=2 (60 kHz spacing, 0.5 ms slot) gave the better
Packet Reception Ratio (PRR) and throughput in a highway scenario than pu=0 or 1 [1]. Shorter slot
durations improve resistance to high Doppler and can slightly improve link budget in fast moving
UEs. In general, choosing the numerology that balances delay spreading and power (longer symbols
at lower p give more energy per symbol) can aid range.

e Beamforming and MIMO: Multi-antenna techniques can be key to extending Sidelink range. NR
supports up to 2x2 SL MIMO (and work is underway for multi-beam Rel-17). Beamforming provides
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directional gain — for example, a phased-array can concentrate power toward the receiver,
particularly on one-to-one communication.

e Spectrum Selection: Using lower-frequency bands increases range. Off-network MCX is expected to
operate in sub-GHz (e.g. 700 MHz Band 14/ Band 28/ Band 68) where propagation loss is low.
5.9 GHz (V2X band) has higher loss and is better for LOS vehicular links. Thus, Sidelink in 450—
1000 MHz bands are preferable for indoor or rural coverage.

e Diversity Techniques: Though not fully standardised in Rel-16/17, techniques like frequency or
spatial diversity (e.g. sending duplicates on separate sub-channels or antennas) can improve
coverage reliability. For example, NR allows split control/data channels and repetition; by repeating
important packets on different resource blocks (or using polarisation diversity), the effective
coverage range is increased via diversity gain.

MAC Layer enhancements

e Semi-Persistent Scheduling (SPS) and Sensing-Based Resource Allocation: NR Sidelink Mode 2 lets
each UE pick semi-persistent resources and uses sensing (decoding others’ control information) to
avoid collisions. Studies show that carefully tuning SPS parameters (reservation interval, keep
probability, sensing window, etc.) can greatly improve reliability. For example, one system-level
simulation found that purely random resource selection yielded only ~92% packet reception ratio
(PRR), whereas Mode 2 with sensing-based SPS (including a just-before-transmission re-evaluation
step) achieved ~99% PRR [1] [2]. In that study the re-evaluation step alone boosted PRR by about
1.2% [2]. In general, the authors report that sensing-based SPS “ends up in ... an increased PRR”
compared to random allocation [1], and that in good propagation conditions only very few “blind”
retransmissions are needed thanks to sensing [1].

On the other hand, Molina-Galan et al. (2024) present a more cautious view of re-evaluation’s
benefit. They confirm that the re-evaluation step can avoid some collisions (especially with periodic
traffic), but they found its overall impact on PRR is small in their scenarios [35]. In mixed or aperiodic
traffic patterns the authors observed only modest reliability gains. Moreover, they note that
frequent re-evaluation checks, and resource reselections add overhead, raising questions about
whether the complexity is justified by the marginal PRR improvement.

These findings are not contradictory but highlight a trade-off: SPS with sensing generally improves
resource reuse and PRR (as shown by simulation gains over random allocation, yet recent analysis
emphasises that continuous re-evaluation may vyield only limited extra benefit for its cost. In
practice, this means designers should employ SPS sensing to reduce interference (extending range),
but also carefully consider how often UEs re-select resources given the environment and traffic
pattern.

e HARQ and Retransmissions: 3GPP NR-Sidelink introduces a HARQ feedback channel, PSFCH for
unicast and groupcast. Enabling HARQ dramatically improves reliability: one evaluation found that
enabling HARQ in SL mode 2 raised PRR from ~0.915 (no HARQ) to ~0.99 (with HARQ and resource
re-evaluation) [2]. In effect, HARQ allows re-transmitting erroneous packets, extending the usable
link margin (range) by compensating for errors. (Even a NACK-only HARQ for groupcast can boost
the furthest reliable distance by retransmitting lost packets.)

e Inter-UE Coordination (IUC): The Rel-17 IUC feature lets neighbouring Sidelink UEs exchange short
control messages to coordinate resource use. By avoiding simultaneous reuse of the same sub-
channel by close UEs, IUC reduces collisions in dense/urban cases. Although formal results are
limited, IUC effectively improves reliability (thus range) where UEs are clustered, by avoiding
unexpected interference. (In [15], cooperative scheduling including IUC was proposed to enhance
PRR under high densities.)

e D2D Relaying: Using intermediate UEs as relays is a powerful range-extension mechanism. 3GPP
Rel-17 began work on U2U relaying specifically for Sidelink coverage extension, and already Rel-17
introduced U2N relay. In U2U relay, a nearby UE retransmits for a distant peer. NIST note that U2N
relays extend network reach via SL [6], and future multi-hop U2U relays could “greatly extend
network coverage” in remote or blocked terrains [6]. In practice, a mobile repeater (e.g. a drone or
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vehicle) acting as SL relay can more than double range of first responders when direct line-of-sight
is not available.

e Mobility and Scheduling Adjustments: In fast-moving or sparse scenarios (rural/highway), NR
Sidelink resource re-selection must adapt. For example, shorter reservation intervals help track
neighbours and avoid stale reservations. Simulations showed that increasing vehicle speed (without
adjusting SPS) reduces PRR [21]. Thus, dynamic resource re-allocation or faster sensing updates can
mitigate range loss when nodes move. Similarly, heavy traffic or urban blockage may warrant more
frequent re-selection to capture new propagation conditions.

Application layer/ Higher layer enhancements

e Adaptive Codecs: At the application layer (especially MCPTT voice or MCVideo), using a codec that
adapts its bitrate to channel conditions can extend effective range. For example, if link quality drops,
a lower-bitrate codec (with smaller packets) can succeed where a high-bitrate one fails. Simulation
studies suggest modelling MCPTT with adaptive vs fixed codecs. In practice, first-responder apps
might automatically reduce audio quality (or switch codecs) as SNR falls, trading fidelity for reach.

e Message Repetition and Redundancy: Public-safety messages (e.g. location or alerts) can be
repeated at the application/MAC level to ensure reception at long range. For instance, controllers
may send periodic redundant updates, or a push-to-talk burst may be sent multiple times. ns-3 NR-
SL simulations note that including HARQ retransmissions substantially increases channel usage but
boosts reliability [7]. Similarly, simple duplication of broadcast data (or application-layer FEC) can
recover losses without feedback. Repetition is a low-complexity way to exploit time diversity for
coverage.

e Groupcast/Multicast Optimisation: Mission critical communications are often group-based (MCPTT,
group data). Techniques like multicast (eMBMS-like) and group-ACK can improve range by
efficiently using resources. Ericsson notes that NR Rel-17 will add group-broadcast (multicast) with
feedback + HARQ to increase group reliability [4]. Sending a group message once (instead of per
unicast) with appropriate retransmit mechanisms reduces channel usage and extends the furthest
reach for everyone in the group.

e Cooperative Device Management: Higher-layer protocols can organise UEs into clusters or multi-
hop paths. For example, forming a mesh where edge UEs relay for inner UEs can systematically
extend coverage. Although not standardised, such schemes mimic multi-hop routing at L3. Similarly,
group management can schedule far-away UEs to use different radio resources (e.g. lower
frequencies or time slots) for better link budget. In dense urban or indoor scenarios, combining
device clustering with physical-layer repeats allows range to scale with group size — e.g. one study
observed that increasing the number of cooperating vehicles initially improved coverage before
saturation [21].

Range extension in NR Sidelink for Off-network MCX is achievable through a combination of PHY , MAC and
cooperative techniques. These enhancements can significantly benefit mission-critical, off-network
communications. However, they come with trade-offs in latency, power, and complexity, requiring careful
configuration based on deployment scenarios.

5.2 Latency reduction optimisation
In some use cases, the latency in Off-network MCX may be the priority to range and therefore, a sweet spot
with optimum latency and range may need to be found. This section looks at options for optimising latency.

This section draws on 3GPP Release 17 and later specifications to explore optimisations across the physical
layer, MAC layer, RRC/PDCP protocols, and the ProSe application layer to achieve the latencies required to
meet MCPTT KPls.

PHY/MAC layer enhancements
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e Flexible numerology and modulation. NR SL allows SCS =15,30,60,120 kHz. Using larger Subcarrier
Spacing (SCS) (e.g. 60 kHz) shortens slots and reduces transmit latency, which directly decreases
delay at PHY. However, lower SCS (15 kHz) yields longer symbols that improve range (due to better
Doppler and noise resilience) but each symbol carries data more slowly. Similarly, using robust
modulation (e.g. QPSK) and lower code rates extends range/reliability but increases the number of
symbols per PDU (slightly raising packet duration). In practice, NR Sidelink uses adaptive
modulation/coding: UEs choose the highest MCS that meets a target block error rate given the link
quality. Trade-off: Higher MCS shortens transmission (aiding latency) but may reduce range; more
robust MCS extends reach at the cost of throughput (and potentially buffering delay if packets must
span more slots).

e HARQ enhancements: Release 17 adds feedback-based HARQ on Sidelink (via the Physical Sidelink

Feedback Channel. A transmitter sends a packet and expects an ACK/NACK; if ACKed by any
receiver, planned retransmissions of that transport block are cancelled. This reduces unnecessary
repeats (saving airtime) while still ensuring reliability. The HARQ feedback needs a processing gap
(a fixed delay) between initial transmission and any retransmissions. The feedback delay is
controlled via parameter “minTimeGapPSFCH” (2 or 3 slots).
Trade-off: HARQ with feedback improves reliability and meets the “no lost audio” requirement (KPI3
demands O ms initial lost audio) but incurs extra delay (the HARQ round-trip time). In some public-
safety scenarios, reducing HARQ rounds (or even disabling HARQ) can lower latency but risks packet
loss. NR Sidelink also supports semi-static (blind) HARQ: for example, if PSFCH is absent, the MAC
may use blind retransmissions to boost delivery probability, at the cost of using extra slots.

e Sensing-Based Resource Allocation and Access Delay Control: In NR Sidelink Mode 2, UEs

autonomously select transmission opportunities by sensing the SL resource grid. UEs monitor a
sensing window, typically 100-200 ms, to determine which resources are occupied. They then avoid
recently used or congested slots when making transmission decisions. This process is governed by
Listen-Before-Talk (LBT) mechanisms and dynamic exclusion windows derived from observed
occupancy.
In low-congestion environments, UEs can shorten the sensing window to ~100 ms, reducing access
latency. Under high traffic, the window can be extended to prioritise reliability and prevent
collisions. This tuning ensures the UE finds a usable slot for MCPTT transmission quickly without
colliding with others, thus reducing the need for retransmissions and the floor access delay under
KPI 1.

e Sidelink Control Information (SCI) and Priority-Aware Scheduling: UEs announce their resource
usage using SCI Format 2 on the PSCCH. This control message contains critical fields such as:
Reservation Period (how often the UE will transmit when an SPS grant is active), Number of reserved
symbols or slots, Modulation and Coding Scheme, QoS Flow Identifier (QFI) and Priority level
(typically 3 bits)

By including high-priority values in SCI (e.g., priority level 7 for emergency MCPTT), UEs notify others
of critical communications, prompting deference or avoidance. UEs can also reserve multiple future
slots in a single SCI message, reducing contention and re-selection overhead.

This supports deterministic access patterns—ideal for voice bursts that occur every 20 ms—and
ensures low-latency transmissions across the Mode 2 environment.

5.3 Throughput enhancement optimisation

In NR Sidelink Mode 2 (autonomous mode), UEs select resources themselves (via sensing) rather than
relying on a base station. This allows off-network MCPTT group calls in out-of-coverage scenarios. However,
throughput must be carefully managed: at longer range (lower SNR) one must use more robust modulation
or retransmissions, which tends to increase latency. Conversely, boosting data rate (e.g. higher MCS or
bandwidth) shrinks the coverage. For example, link-level simulations show that doubling the subcarrier
spacing (numerology u=1 vs pu=0) doubles throughput and halves latency on a fixed bandwidth [28] — but
the communication range correspondingly shrinks. Likewise, allowing many HARQ retransmissions extends
range (since errors can be corrected) but dramatically increases delay [28]. In practice a balance is needed
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between spectral efficiency and reliable coverage for MCPTT calls. The paragraphs below survey key
techniques (from academic and industry research) to improve throughput in Sidelink Mode 2 while
managing range and latency trade-offs.

Resource Selection and Scheduling Enhancements

Semi-Persistent Scheduling (SPS) vs Dynamic Grants — In Mode 2, SPS and dynamic grants offer
complementary strengths for throughput enhancement in NR Sidelink. SPS provides predictable,
periodically reserved resources that reduce control overhead and perform well when the traffic
pattern is periodic or duty-cycled within talk spurts. However, SPS can become inefficient for non-
periodic control signalling or under varying interference conditions, as fixed reservations may not
align with instantaneous load. Dynamic grants, by contrast, allocate resources on demand and
therefore match bursty or event-driven traffic more efficiently while enabling better utilisation of
the resource pool during contention. In high-interference or densely loaded scenarios, dynamic
grants can reduce collisions and improve effective throughput, whereas SPS may be advantageous
in stable, lightly contested environments where deterministic reservations maintain consistent
latency. A hybrid configuration—SPS for sustained voice bursts and dynamic grants for call
control, floor control, or irregular transmissions—is therefore likely to provide superior overall
resource efficiency

Control/Data Allocation (PSCCH/PSSCH) — NR Sidelink divides each grant into control (PSCCH) and
data (PSSCH) parts. Experiments (in LTE Sidelink MCPTT simulations) found that shortening the
PSCCH period and reducing PSCCH overhead yields lower access delay [30], which can indirectly
improve throughput (since more time is available for data). On the flip side, longer PSCCH periods
and larger PSSCH grants (more RBs) produce very high packet delivery ratios (throughput) [30],
albeit with higher access latency. In summary, choosing a balanced PSCCH/PSSCH ratio is a key
throughput/latency trade-off.

Resource Selection Algorithms — In Mode 2 each UE senses a “window” of recent transmissions
and picks unused resources randomly for its next transmissions. Random picks can collide if
neighbours make similar choices. To reduce collisions, one proposal is a reuse-distance-based
selection: before finalising a resource, a UE checks the geographic (or hop-based) distance to
other UEs using that resource. By favouring resources far from active neighbours, collisions are
reduced. Simulations show this “RD-RS” method yields significantly higher packet reception ratio
and lower inter-packet gaps compared to plain random selection [31]. Similarly, 3GPP is
investigating inter-UE coordination, where UEs exchange information (e.g. via Sidelink messages)
to align their resource maps and avoid conflict [32]. Such coordination can greatly improve
effective throughput by minimising wasted retransmissions.

Adaptive PHY and Link Settings

Numerology and Bandwidth — 5G NR offers flexible numerology (subcarrier spacing, SCS). Using a
higher SCS (e.g. 30 kHz instead of 15 kHz) effectively doubles the occupied bandwidth (for a given
PRB count) and can nearly double data rate [9]. This boosts throughput and cuts transmission
time (lower latency), at the expense of shorter symbol duration (so less coverage per
transmission). In practice, high SCS may be chosen in short-range/high-performance scenarios,
while low SCS can be used for extended range.

Modulation/Coding (AMC and LAAG) — UEs can adapt the modulation and coding scheme (MCS)
to channel conditions. At closer range or high SNR, high-order modulations maximise throughput;
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at longer range, lower-order modulations and robust coding preserve reliability. An explicit
technique is Link Adaptation by Aggregation (LAAG): the UE selects a very low MCS and spans the
transport block over more slots. This increases robustness (supporting longer range) but uses
more resources for the same bits [28]. Conversely, maximising MCS and packing data into fewer
slots maximises instantaneous throughput for good links. Smart algorithms should choose
MCS/aggregation to meet a target error rate while maximising throughput under the given link
budget.

e Beamforming/Antennas — Although Sidelink devices are often handsets, research shows that
directional antennas can dramatically raise throughput. In one study of an industrial “swarm”
network, adding transmitter and/or receiver beam selection (steering directional antennas)
greatly increased SINR. Combining Tx+Rx beam selection enabled about 120% more UEs to meet a
99.99% reliability target compared to omnidirectional mode [28]. Higher SINR translates directly
into the ability to use higher MCS (more bits) in each transmission. Thus, any form of
spatial/directivity control (even using fixed directional antennas) can significantly boost effective
throughput in dense Mode-2 scenarios [28].

Retransmission and Group HARQ Strategies
e HARQ Retransmissions — NR Sidelink supports both blind HARQ (like LTE) and feedback-based

HARQ with up to 32 transmissions. Allowing more HARQ rounds greatly extends range (since even
very low SINR links can succeed after many tries), but at the cost of latency. Link-level results
confirm that each additional HARQ round increases range: e.g. going from 4 to 32 transmissions
markedly boosts the reliability range at the same target BLER [9]. For throughput optimisation,
one might enable many retransmissions when reliability is critical (sacrificing delay), or limit
retransmissions for low-latency voice bursts. Notably, because NR SL uses narrow polar-coded
PSCCH, the difference in range between blind and feedback HARQ is small [9], so feedback HARQs
main cost is extra ACK delay.

e Groupcast ACK Handling — In a one-to-many MCPTT call, multiple UEs listen to each transmission.
NR specifies two HARQ feedback modes for groupcast. One strategy (often used) is: each receiver
in range may send an ACK, and the transmitter releases the HARQ process upon receiving any ACK
[29]. This “first-ACK-stop” policy avoids waiting for the worst links and reduces delay. It also frees
resources faster, effectively improving throughput for the group session. (Alternatively, one could
wait for K-of-N ACKs or use a limited radius scheme, but these are trade-offs between overhead
and group reliability [29]).

Practical Considerations and Trade-offs
e Transmission Power and MCS — For single-hop Mode-2 links, boosting Tx power raises range (and

thus coverage throughput), but also increases interference for others. Adaptive power control
(within device capabilities) combined with link adaptation can help meet range without overly
degrading neighbours. Public safety UEs typically use full power for critical communications, so
higher-layer techniques (MCS, antenna) often do the tuning.

e Traffic Characteristics — MCPTT voice generates small (e.g. 60-byte/20ms) packets. The effective
data rate (~24 kbps) is low, but low latency (< 150 ms call-setup) and reliability (>99%) are
essential. This implies that resource slots often go underutilised unless multiple talkers or
supplementary data (e.g. MCData) share the channel. In practice, one might pack multiple voice
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frames or mix MCVideo frames in PSSCH to use the allocated RBs efficiently. Scheduling systems
should be designed so that idle talk spurts (silence) do not waste grants — for example by
dynamically reallocating slots when the floor is not seized [29].

In summary, optimising throughput in NR Sidelink Mode 2 for MCPTT group calls involves a combination of
techniques: smart resource selection (to avoid collisions), adaptive scheduling parameters (PSCCH/PSSCH
ratio, dynamic grants); PHY optimisations (higher numerology or MCS when possible); and link reliability
enhancements (beamforming, HARQ schemes). Trade-offs are inherent: for example, doubling SCS can
double throughput but roughly halve range, and more HARQ rounds raise range at the cost of delay. The
literature shows that judicious parameter tuning, and new algorithms (e.g. reuse-distance sensing) can push
Mode 2 throughput closer to the optimum given the range/latency requirements. These insights come from
recent academic and industry studies (2020-2025) on NR Sidelink and MCX services, and they are being
further refined in ongoing 3GPP work on Sidelink enhancements.

5.4  Capacity enhancement optimisation

In autonomous scheduling mode (Mode 2), the UEs sense a pre-configured resource pool and reserve slots
semi-persistently [22]. This is crucial for off-network group calls in small areas (e.g. first-responder squads)
where high call capacity (many participants and concurrent groups) must be balanced against coverage
range and latency. However, pure Mode 2 faces collisions and hidden-node problems: if multiple UEs
randomly pick the same slots, “persistent collisions” can occur [22]. Below techniques to boost group-call
capacity (number of call legs and simultaneous groups) within a single hop are suggested, trading off range
and latency as needed.

Mode 2 Resource Allocation and Challenges

In Mode 2 NR Sidelink, each UE uses a sensing-based semi-persistent scheduling (SB-SPS) protocol [22]. UEs
monitor (for up to 1000 ms) which time-frequency slots are occupied by others (via received Sidelink control
info and RSRP thresholds) and then randomly select unused slots. Once chosen, slots are reserved for a
reservation interval (hundreds of ms) or until a reselection counter expires [22]. SB-SPS greatly improves
efficiency for periodic traffic and reduces control overhead [22]. However, it also means that if two UEs
collide once, they keep colliding in subsequent transmissions, causing a persistent collision that undermines
reliability [22]. These issues are exacerbated in dense group-call scenarios (many UEs in range) and when
UEs are half-duplex (cannot sense while transmitting) [22].

Because Mode 2 is decentralised, collision avoidance must be handled locally. Several analytical and
simulation studies have modelled these MAC collisions. For example, Cao et al. derive PRR models showing
that NR-SL’s new SPS features (multi-layer transmissions, adjustable resource-keeping probability) only
improve reliability up to a UE-density threshold [3]. In practice, unslotted random selection and half-duplex
sensing mean that high UE density or many simultaneous groups will drastically increase collisions and
packet errors.

Physical Layer Trade-Offs (Range vs. Capacity vs. Latency)

The physical (PHY) configuration directly affects range and capacity. Key levers include transmit power and
numerology. Doubling the subcarrier spacing (e.g. from 15 to 30 kHz) doubles throughput (more resources
per slot) and halves slot duration, improving latency [9]. However, it also spreads the signal over more
bandwidth, reducing effective range at fixed power [9]. NIST simulations show, for instance, that at a 0.5%
target block error rate the required SNR is similar for u=0 and p=1, but since the bandwidth doubles the
communication range at u=1 is shorter [9]. Similarly, allowing higher UE transmit power greatly extends
range (e.g. 23 dBm vs. 31 dBm can raise range from ~982 m to ~1554 m) [9], but public-safety devices may
be limited to ~23 dBm.

HARQ retransmissions also trade latency for range. NR-SL supports both blind and feedback-based HARQ
up to 32 retransmissions [9] Simulations show that increasing the number of (re)transmissions dramatically
boosts range (since more attempts tolerate weaker links) but at the cost of steeply rising delay [9]. For
example, going from 4 to 32 feedback HARQ transmissions can increase the link border by hundreds of
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meters, but pushes one-way latency into hundreds of milliseconds [9]. In group-call scenarios, one could
trade a few extra HARQ rounds for reliable coverage (up to regulatory power limits) but must avoid violating
the latency budget of voice calls (typically ~125 ms one-way).

Directional antennas and beamforming can improve capacity by spatial reuse. For instance, Morején et al.
incorporate directional beam selection into cooperative scheduling and find it greatly increases “swarm”
capacity [12]. By pointing beams only where needed, interference between nearby UE groups is reduced,
effectively raising the number of concurrent links that can coexist. This is especially effective indoors or
urban canyons where interference dominates.

MAC and Scheduling Techniques

Semi-Persistent (SB-SPS) vs. Dynamic Scheduling (SB-DS): Standard Mode-2 uses SB-SPS (periodic
reservation) for efficiency. Alternate approaches include SB-DS (select new slots each packet) or hybrid.
While SB-SPS is best for periodic status updates [22], voice push-to-talk is bursty. Some studies propose
adaptive SPS where UEs only reserve slots when actively talking or tighten the reselection counter after
each burst to break collisions. For instance, using shorter reservation intervals (tens of mllliseconds rather
than seconds) can reduce collision durations, at expense of slightly more control overhead.

Machine Learning / Optimisation: Recent work explores reinforcement learning and control algorithms for
better resource reuse. For example, Magueta et al. propose a platoon-leader learning scheme that adjusts
resource selection probabilities to lower collisions [11]. In their model, a lead UE observes interference and
guides others via occasional control messages. Such leader-based schemes effectively create a quasi-
coordinator within the group, improving slot orthogonality. Reinforcement learning can similarly tune
sensing thresholds or slot priors to avoid congested time-frequency regions [11].

Group Scheduling and Cluster Heads: A powerful approach is to organise UEs into clusters or groups with a
scheduler/leader. In group scheduling (device sequential), one UE (leader) collects neighbour sensing
reports and assigns orthogonal slots to group members, akin to a lightweight Mode-1 scheduler [13].
Morején et al. demonstrate that a group scheduling scheme (where one UE sequentially allocates slots to
others in its cluster) dramatically outperforms random Mode 2: it avoids half-duplex clashes and
interference by design, supporting many more “swarm” UEs at high reliability [13]. Even a semi-distributed
version (the “rebel” sub-mode) where each group is self-scheduled yields better worst-case performance
(99.99th percentile latency) than pure Mode 2 [14]. In practice, cluster scheduling means fewer
simultaneous transmissions in each time window and fewer collisions, at the cost of some intra-group
signalling. Importantly, when these leader-UE schemes include HARQ or beamforming, they triple-four-fold
the number of supported users per area compared to standalone Mode 2 [14].

Inter-UE Coordination (IUC): Introduced in 3GPP Release 17, IUC lets UEs exchange sensing or scheduling
info directly (e.g. over PC5 PSCCH) to avoid collisions [2]. For example, UEs within range can broadcast their
chosen slots or intent, so neighbours steer clear of those slots. This essentially creates a distributed
reservation protocol. Preliminary studies show IUC can markedly reduce collision probability and half-duplex
conflicts, nearly matching the performance of fully coordinated Mode 1 without a gNB [2]. However, IUC
adds control messaging overhead; careful design (like those above leader-based schemes) can amortise this
cost.

Enhanced Sidelink Features: Other 3GPP enhancements can be leveraged. For example, MCPTT group calls
can use the groupcast HARQ mode with NACK-only feedback [2]. In NACK-only, only receivers that fail
decoding transmit an ACK-feedback, eliminating most uplink feedback in large groups. This greatly
conserves resources and reduces SL channel load when many UEs hear the same packet [2]. Similarly, using
higher MCS when channel conditions allow can serve more call legs within a slot (increasing capacity), but
at the risk of lower range.

In summary, the literature shows that decentralised cooperative strategies can greatly increase Mode-2
capacity. Compared to random Mode 2, coordinated and group-scheduled schemes that combine HARQ,
link adaptation, directional antennas and minimal control exchanges achieve much higher user densities
[12] [14]. For example, Morejon et al. report that with all enhancements, a distributed scheduler can
support a significantly larger “swarm” size than standard Mode 2 [11] [12]. NIST and other simulations

Theoretical Performance of Off-network MCX. July 2026 Page 44 of 51



confirm that Mode 2’s native capabilities (with HARQ and IUC) can meet MCX demands, but capacity
plateaus quickly as groups grow [2] [9].

The key is balancing trade-offs: boosting range (more power or HARQ) tends to increase latency and
resource use; while maximising capacity (many concurrent calls) requires tight scheduling and interference
mitigation. Combining multiple techniques is most effective. For example, deploying directional beams and
IUC together greatly suppresses mutual interference, enabling more simultaneous groups in the same area.
Leader-based group scheduling ensures resources are reused efficiently within each group. These methods,
verified in both industry and academia, collectively push Mode 2 performance toward optimal capacity for
MCPTT without sacrificing the single-hop range/latency envelope [13] [14].
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6 Summary

This document provides an analysis of Off-network Mission Critical Services (Off-network MCX), focusing on
their role in enabling direct device-to-device (D2D) communication for public safety and emergency
services. It outlines the technical foundations of Off-network MCX, including the use of 5G NR Sidelink
technology, and the expected performance for Off-network MCPTT in operational scenarios necessary to
support reliable voice, data, and video communications when traditional network infrastructure is
unavailable

The report examines the factors that affect Off-network MCX performance, such as maximum coupling loss,
transmission power, antenna type, frequency spectrum, and environmental conditions. It also discusses
optimisation strategies to enhance range, reduce latency, and increase throughput and capacity, ensuring
that mission critical communications remain robust and effective across diverse and challenging
environments.
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8 Appendix

Table 14: MCPTT Service KPIs for on-network use (UE to MCS server)

KPI1 KPI name Description Mission Critical Benchmark
MCPTT KPI1 | MCPTT Access | The time between when an MCPTT user | For group calls and private calls:
Time request to speak and when this user | < 300ms, 95- percentile of all
gets a signal to start speaking not | MCPTT requests and
including confirmations from receiving | For MCPTT emergency group
users (defined in 3GPP TS 22.179) calls and imminent peril calls:
<300ms, 99-percentile of all
MCPTT requests
MCPTT KPI 2 | End-to-end The time between when an MCPTT user | <1000ms, 95-percentile of the
MCPTT Access | request to speak and when this user | MCPTT  group calls with
Time gets a signal to start speaking including | automatic  acknowledgement
MCPTT call establishment | and private calls with manual or
acknowledgement (defined in 3GPP TS | automatic commencement
22.179)
MCPTT KPI 3 | Mouth-to-ear The time between an utterance by the | <300ms, 95-percentile of the
latency transmitting user, and the playback of | voice bursts
the utterance at the receiving user’s
speaker (defined in 3GPP TS 22.179)
MCPTT KPI 4 | Late call entry | The time to enter an ongoing MCPTT | < 150ms if unencrypted and
time Group Call measured from the time that | <350ms if encrypted, 95-
a user decides to monitor such as | percentile of all late entry
MCPTT Group Call, to the time when the | requests
MCPTT UE’s speaker starts to play the
audio (defined in 3GPP TS 22.179)
MCPTT KQP | Perceived Perceptual Objective Listening Quality | > Mean Opinion Score 3, 95-
5 voice/audio Assessment (POLQA) as defined in ITU- | percentile of the samples
quality T P.863 (defined in 3GPP TS 22.179)
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