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Abstract

Dependabl e tine-critical conmunication over a nobile network has its
own chal l enges. This docunent focuses on a conprehensive anal ysis of
mobi |l e systens latency in order to incorporate its specifics in

devel opnments of latency specific network functions. The analysis
provi des val uabl e insights for the devel opment of wireless-friendly
met hods ensuring bounded | atency as well as future approaches using
data-driven | atency characterization
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1. Introduction

Digital transformati on of industries and society is resulting in the
energence of a larger famly of time-critical services wth unique
requirenents distinct fromtraditional Internet applications. Such
time-critical communication has in the past been nmainly prevalent to
wi red comuni cation system which is linited to | ocal and isolated
network domai ns. Wrel ess comuni cation provides flexibility and
simplicity, but with inherently stochastic conponents that lead to
packet delay distributions nmetrics exceeding significantly those
found in wired counterparts. These deviations of stochastic
characteristics have to be addressed in Determnistic Networking
(Det Net) [ RFC8655].

The 5G nobil e comuni cation systemis specified in the Third
Generation Partnership Project (3GPP) and it supports conmuni cation
with unprecedented reliability and very low |l atency through the
Utra-Reliable Low Latency Conmuni cations (URLLC) enhancenents
introduced in Release 16. URLLC features targeted reliability,
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| atency and QoS (e.g., automatic repetitions, antenna techniques,
robust physical channels, Othogonal Frequency Division Miltiplex
(OFDM nunerol ogy, mni-slots, grant-free access, pre-enption, 5G QoS
identifier (5Q) values for nultiple time-critical services, QS

moni toring). Providing synchronization and exposure functionality
are covered as well.

Det Net support started in Rel ease 18 based on the concept devel oped
for Tinme-sensitive Networking (TSN) in forner rel eases. The 5G
systemis represented in the end-to-end architecture as a set of
virtual DetNet routers. The 5G network conprises a 5G core network
and a Radi o Access Network (RAN). A User Plane Function (UPF) of the
5G core network acts as a gateway towards the Det Net network. The
RAN can span over a wi der geographical area to provide wrel ess
connectivity to one or nore User Equi pnent (UES).

Note: In general bridging/routing service is out-of-scope for 3GPP
specifications, therefore in real network scenarios bridging and
routing are for exanple inplenmented by additional (external)
functions located mainly within or next to the UPF.

Not e2: According to TSC (Tine Sensitive Communi cati on) concept of
3GPP the whole 5G5S is presented towards the wired Det Net network as a
virtual DetNet router. Using DetNet technol ogy between the 5GS
components is not precluded but out-of-scope in this docunent.
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Figure 1 shows the interconnection of the DetNet nodes and the 5G
networ k. The Time-Sensitive Comruni cati on and Ti nme Synchroni zati on
Function (TSCTSF) connects the DetNet Controller and the 5G contro
pl ane. The TSCTSF collects information fromthe 5G system and it
reports to the DetNet Controller. The DetNet Controller configures
the 5G as a virtual DetNet router through the TSCTSF, which maps
paraneters and sets the configuration via the 5G control plane. Data
pl ane connectivity at the UPF is achieved via the TSC Transl ators
(TT) on the network-side at the UPF (NWTT). Using a TT function on
the device side (DS-TT) is optional (e.g., if time synchronization
has to be provided).

The interaction between the DetNet controller and the 5G systemis
specified in [ M3.501] e.g., for the support of periodic
determnistic comunication. 1t describes howthe a-priori traffic
pattern characteristics in the dowlink and the uplink direction
could be provided froman external network into the 5GS and used by
the NG RAN to optimnize resource utilization and to |ower the | atency
and | atency variation. The TSC Assistance Information (TSCAl)
feature is described as a method how the QS flow traffic
characteristics could be transferred within the 5GS. The TSCAl
feature can be helpful e.g., in scenarios where there is an offset
between the traffic burst sending tines and the reserved resources on
the air interface, a msmatch between the periodicity of traffic and
schedul ed resources, a clock drift of 5GS with a reference to the
clock of an external network, or in a conbination of these cases.
Not e: 3GPP systens do not support directly the MPLS data pl ane of

Det Net due to the | ack of support for MPLS. DetNet IP data plane is
supported via the | P PDU sessi on.

Wreless systemand its external interfaces are by nature distributed
and with dynam c variations due to radio propagation. The radio
transm ssion suffers frominterferences, reflections, scattering and
diffraction that affect the reliability of data comruni cati ons which
results in high variable forwarding | atency, see a deeper reviewin

[ NR- 5@ .

There are multiple extension directions to overcome the limtations
inherited by wirel ess systens, especially 3GPP ones. The common
characteristics of themare that they provide a wireless-friendly
tool set to achieve the required | atency distribution between the
endpoints. The |latency anal ysis described here is intended to help
the devel opers of such wireless-friendly tool sets and provide
motivation for new approaches as well. Such new approaches can be
based on the predictability of the system for exanple via usage of
data-driven | atency characterization, where network entities have the
ability to estimate the evolution of a systemnetric or state in the
future.
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Note: this docunent was witten in order to support DetNet WG rel ated
di scussions but it can be interesting for non-DetNet discussions as
wel | .

2. Conparison between a wired and a nobile virtual DetNet router

The sane 5G network can formmultiple virtual routers, each of which
is realized via the UPF instance in the 5G core network. An UPF
configured for DetNet support and all UEs connected to that UPF with
I P PDU sessions jointly formthe virtual 5G DetNet router and its
ports. There exist significant differences in the characteristics of
such a virtual and a |legacy wired DetNet router [D6G D2.1]:

* Physical distance of ports: In a wired router the physica
di stance between ingress and egress ports is in the order of a
decinmeter. In a virtual 5Grouter the distance is between the UPF
and the UE, or between two UEs and can be up to 100's of neters or
even kilometers. This can renarkably inmpact on network topol ogy.
For exanple, in an industrial wred DetNet network connecting two
end points may require many 10's of hops to be traversed for E2E
connectivity. Wth a 5Gvirtual router only few hops are needed
(e.g., 1-2 (or up to a few hops to reach the 5Gingress (UE or
UPF) and 1-2 (or up to a few) hops to reach the end node fromthe
5G egress (UE or UPF).

* Number of ports: The nunber of router ports in a wired router is
deci ded at the design and production of the router; router ports
are at fixed locations (in the chassis of the router). 1In the
virtual 5G router, the nunber of ports depends on the nunber of
UEs connected to the UPF that outlines the virtual router. |If a
new UE connects to the UPF the nunber of ports owned by the
virtual router increases. This new UE may require interaction(s)
with the DetNet Controller (e.g., reporting latency to/fromthe
new port, updating router configurations).

* Latency characteristics: The latency perfornance of a wired router
isin the single-digit mcrosecond range, with a PDV in the range
of some 100’ s of nanoseconds. In a wireless router the typica
| atency values are in the range of mlliseconds (w thout specific
configurations for |ow | atency bounds they can reach up to sone
10's of milliseconds). Even by using URLLC and proper Det Net
configuration the PD and PDV of a 5G virtual router is
substantially larger than for a wired router.

* Dynamicity of characteristics: Characteristics of a (wred) DetNet
router are nostly determ ned at design and production tinme. A
wired router that is tested in a lab prior to normal depl oynent
can be expected to behave in the sane way during operations as
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3.

3.

during the lab test. In contrast, for a wireless system- and a
virtual 5G DetNet router - the perfornmance depends on the radio
envi ronment and depl oynent. So, the characteristics of the
virtual 5Grouter are determ ned during the operation phase. Wth
a wel | -pl anned and depl oyed RAN, the general 5GS performance is
expected to performaccording to requirenents, but in case of
maj or changes in the radio environment (e.g., walls or large

bl ocki ng install ati ons being added) changes in the performance

m ght occur.

Wil e the 5GS has been specified to be conpatible to DetNet by its
external interfaces, the differences in characteristics of the
virtual 5Grouter and a wired DetNet router requires the devel opnent
of new wireless-friendly solutions, those are able to efficiently
ensure bounded latency in mxed (wred and wi rel ess) Det Net

scenari os.

Mobi | e Transm ssi on Latency Breakdown
1. Mobile conmunication targets

In traditional nobile comrmuni cati on networks, the primary key
performance indicators of interest have been the achi evable data rate
and spectral efficiency. |In 5G |atency has been added as a further
key performance indicator by URLLC. The anbition of 5G URLLC was to
provi de | ow | atency commruni cation while providing high reliability
for maintaining the |latency bel ow a specified | atency bound. For
exanpl e, the objective for the 5G standard is to guarantee that a RAN
| atency of 1 nms can be achieved with 99.999% probability.

A solution for reliable wireless transmi ssion with high spectra
efficiency is to apply Hybrid Automati c Repeat Request (HARQ
retransm ssions to recover from unsuccessful transm ssions. However,
HARQ | eads to an increase in latency due to nmultiple transm ssions
causi ng a notabl e disturbance in the packet delay distribution

URLLC has introduced two maj or sets of tools: (i) reducing the radio
transm ssion structure for lower latencies (e.g., processing del ays,
channel access delays), and (ii) providing higher robustness in the
transm ssion to achieve the same latency reliability with fewer
transmi ssion attenpts, at the costs of reduced spectral efficiency
due to extrenely conservative transm ssion nodes

To give an exanple, an uplink transmission in a nmllineter wave
carrier can be made in two different configurations [FGS15]:

*  Normal 5G New Radio (NR) configuration with up to 3
retransm ssions for reliability with packet delay from ~500 us to
2.8 ns, with | ow resource usage,
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*  5G URLLC NR configuration with single-transnmission reliability
wi th packet delay from ~500 us to 900 us, involving high resource
usage.

Furthernore, very |low |l atencies enabled by URLLC require a thorough
net work depl oyment plan (e.g., location and density of base station
antennas) to ensure that the capabilities are avail abl e throughout
the service area. Mre relaxed latencies are |less sensitive to the
radi o network design.

5G URLLC is the main enabler to support tine-critical conmunication
standards that have been defined for fixed networks, |ike | EEE 802.1
TSN and | ETF Det Net .

3.2. Transm ssion Latency Breakdown

Generally, the latency contributions in a 5G network are dom nated by
the RAN [D6G-D3.1]. The transport network only plays a role if a UPF
is far away fromthe gNB; the anmbunt of packet processing at the UPF
(and rel ated processing times) is limted in conmparison to RAN

In the 5G RAN the main |atency contributors are:

1. Time-domain reliability based on HARQ

2. Mbility with handover interruptions

3. Tinme-division duplex structure

4. Congestion due to resource sharing and queui ng

HARQ al l ows for a better utilization of the resources while being
robust for a defined | oss bound. Retransmissions inherently
contribute to the latency of the packet with defined probability of
retransm ssion(s). HARQ should be used as reliability tool, in case
that it is permtted by the latency bound; it is a tool that conbines
high reliability with spectral efficiency (at the cost of increased
PDV). Reliability can be achieved w thout HARQ, by using nore robust
transm ssion nodes. If a (low) latency bound is provided with
99.999% reliability by a robust single transm ssion, then the | arge
majority of (i.e., 99.99% of the packets are over-protected with too
hi gh resource allocations in order to ensure that al so the worst-case
packets nostly achi eve the | atency bound.

Mobility is ensured by handover, where a UE sw tches connection from
one base station to another, which can | ead to handover interruption
times. There are tools to mnimze this inpact, e.g., L3 nake-

bef or e- break handover where the resources are allocated and ready
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before perforning the handover, L1 or L2 nobility with nultiple
transm ssion-reception point (multi-TRP), nulti-connectivity. These
options are dependent on depl oynent and spectrum

Time Division Duplexing (TDD) pattern is sonetinmes prescribed by
national regul ation and subject to harnonization of nultiple
networks. This can place restrictions on applicable configurations.
Each TDD pattern introduces at |east PDV at transm ssion tinme
interval (TTI) level since packets need to wait for their time slots
to be transnitted.

When the network i s undergoi ng congestion at high | oads, the
opportunities for transmi ssion are restricted and, consequently,
additional delay is experienced by the packet. Possible solutions
are to apply prioritization, resource partitioning, adm ssion
control, traffic policing, reservations, or preconfigured access. In
nost cases there are inplications for the inplenmentation, as well as
utilization inefficiencies.

3.3. QoS architecture within the nobile network

The packet delay of individual packet is strongly dependent on how
the packet is handled within the nobile network. Different packets
are treated differently according to the service requirenments they
are associated with. This allows to provide |atency-optim zed
treatment for dependable tine-critical services by applying the
Quality of Service (QS) nechanisns of the nobile network. The
handl i ng of QoS for traffic passing through the 5G network is defined
in the 5G QS franework [ M23.501] [ FGAQS], as summarized in Figure 2
The end-to-end traffic fl ows passing through the 5G network, denoted
as service data flows, are napped at the ingress to the 5G system at
the UE and UPF to Q@S flows via traffic filter rules. The QS fl ow
is the finest level of granularity for specifying the service
specific traffic treatnent in the 5G system Each QS flow can have
different traffic forwarding treatnment configured in the network,
according to the defined QoS requirements.
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Figure 2: 5G QoS architecture

The QS flow is transported through the 5G core network via a GIP-U
tunnel between the UPF and the gNB over a transport network. In

| arge networks, the UPF can be placed flexibly in the network

topol ogy; this allows the UPF to be placed close to the device (UE)
and its application and thereby enabling the shortest possible

transport connection and reducing latency [ETR20]. 1In |loca
depl oynents (e.g., industrial scenarios) a UPF is typically very
close to the gNB and can be even located in the same rack. |In the

RAN, the QS flowis transported via a radi o bearer over the radio
interface between the user equiprment (UE) and the gNB
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3.4. Latency contributions in different |ayers of radi o protocols

The Service Data Adaption (SDAP) | ayer maps the QoS flows to Data
Radi o Bearers (DRBs) and marks the packets with the QS fl ow
identifier. DRBs can be configured to be either in acknow edged node
(AM or unacknow edged node (UM (see Figure 4); for an acknow edged
nmode DRB | ossl ess data forwardi ng at handover is enabled for the
Packet Data Convergence Protocol (PDCP) |ayer and Radi o Link Control
(RLC) operates in acknow edged node. The |atency inpact of SDAP on
data transfer is negligible.

Et hernet or IP Traffic

Qoo e e e e e e e mmmmmeeaaaan >

| QS Fl ow |

R i >|

I I
Fommmmm s + Fomm e e e e e e oo T S +
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SDAP: Servi ceData Adaptation Protocol
PDCP: Packet Data Convergence Protocol
RLC. Radi o Link Control

MAC. Medi um Access Contr ol

PHY: Physical Layer

Figure 3: 5G protocol stack for user plane with focus on RAN
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Figure 4: 3GPP 5G protocol stack and data fl ow

At the next layer, the PDCP (Packet Data Convergence Protocol) |ayer
provi des ci phering for encryption of user plane data and optionally
also integrity protection and verification via a nessage

aut hentication code that is calculated for each data Protocol Data
Unit (PDU). PDCP assigns a sequence nunber for each data PDU and
forwards it to the underlying RLC | ayer. PDCP can al so perform
header conpression and deconpression over the radio link for the IP
headers or Ethernet headers of the end-to-end data fl ow.

For acknow edged node DRBs a copy of each PDCP PDU is stored in a

| ocal buffer. At changes of the RLC entity, due to either handover
or (re-)configuration of dual connectivity or carrier aggregation, a
| ossl ess continuation of data transfer is ensured by forwardi ng not -
yet -acknow edged PDCP PDUs to the new RLC entity.

As the underlying protocol |ayers can | ead to packet re-ordering, the
PDCP performnms packet re-ordering to ensure in-order transm ssion of
data over the DRB. For this, the receiver holds back the received
packets until all earlier packets of the DRB have been received and
are delivered first. A reordering tinmer determ nes how | ong packets

Varga, et al. Expires 14 June 2026 [ Page 12]



I nternet-Draft Mobi | e Lat ency Decenber 2025

are held back before delivery. |In-order delivery |eads to head-of -

i ne bl ocking, which means that a | ong packet delay of one PDU (e.g.,
due to a larger nunber of retransm ssions) affects also earlier
packets. The inpact of this head-of-line blocking is controlled via
the reordering tinmer, which may reduce head-of -1ine-induced | atencies
at an increased risk of sending packets out of order. It is possible
to configure the PDCP also for explicit out-of-order delivery, in

whi ch case no packet delay propagation within a group of PDUs
appears.

The PDCP can be configured for Service Data Unit (SDU) discard, which
enables to set a maximumlifetime on a packet in the radio
transmssion. |If a configured SDU discard tiner expires, the PDCP
sender renoves the packet fromits buffer and requests the | ower

|l ayer to purge the related data. SDU discard can be considered as a
| at ency-based active queue managenent schene.

The PDCP allows to aggregate nmultiple radio |inks over different
frequency carriers, based on the NR functionality of carrier
aggregation or dual -connectivity. The PDCP connection uses, in this
case, nultiple RLC entities; this can be used to aggregate the
capacity of nmultiple radio links for the data radio bearer, but it
can al so be used to provide redundant transm ssion. For redundant
transm ssion the PDCP entity duplicates PDCP PDUs and transmits them
via multiple links; at the PDCP receiver, duplicates are then
filtered out.

The PDCP uses one or nore RLC channels, via one or nore RLC
instances. RLC provides reliable data transnission over the radio
link via its acknow edged node (AM; it can also be configured to
apply the unacknow edged node (UM In AM node, a sel ective-repeat ARQ
protocol is used, in which correct reception of packets is ensured by
detecting packet errors or |osses and triggering retransni ssions as
needed. RLC transmitter and receiver entities maintain a sliding-

wi ndow buffer, and the receiver entity updates the transmitter entity
via status reports about correctly received or mssing PDUs. The RLC
receiver forwards correctly received PDUs to the PDCP receiving
entity, which may conpri se packets being delivered out-of -sequence
Reordering for in-sequence delivery is then performed in PDCP. RLC
appl i es segnentation of SDUs towards the Medi um Access Control (MAC

| ayer, so that the MAC protocol can nultiplex RLC PDUs into the
transport bl ocks sent by MAC to the physical |ayer

From a packet del ay perspective, mnor |atency contributions are nade
by packet processing. The larger possible latency contribution in
acknow edged node comes fromthe ARQ operation. A packet is

mai ntained in the receiver buffer until it is successfully
transmtted. For this, several RLC retransmni ssions can be used,
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wher e the maxi mum number of retransmissions is configurable. An RLC
retransm ssion takes in the order of sonme tens of milliseconds, so
that it can lead to some increased del ay of packets that are not
correctly transmtted in the first RLC transmission attenpt. The
need for RLC retransm ssion depends strongly on the configuration of
the reliability that is configured for the | ower MAC/ PHY | ayers. For
time critical low latency comunication, typically the MAC/ PHY is
configured very reliably so that RLC retransm ssions are not
necessary. This trade-off we discuss nore.

MAC entities are responsible for scheduling the radio resources for
all bearers in UEs and gNB in both uplink and downlink directions.
The RLC data segnments received frommultiple |ogical channels are
concat enated al ong with MAC headers, padded if required, and then
encoded to fit inside the schedul ed Transport Block (TB) to be
transmtted through the radi o physical layer [NR-5G. After the
successful reception of the TB, the counterpart MAC entity decodes
the TB and denultiplexes to the |logical channels. Furthernore, the
HARQ process of the MAC | ayer is responsible for handling nost of the
radio link errors. HARQ conmbines ARQ wWith Forward Error Correction
(FEC) to efficiently enhance the reliability of comunication in

wi rel ess channels. Via fast feedback the receiving MAC provi des
positive (ACK) or negative acknow edgrments (NACK) back to the

transm tter about successful TB decoding. One of the key functions
of the MAC entity at gNB is to performradio resource allocation for
both Uplink (UL) and Downlink (DL) directions every TTlI. The exact
resource allocation process, considering factors such as Channe
State Indicator (CSI), QoS requirenents, and buffer occupancy, is
beyond the scope of this docunent. However, it is inportant to note
that the scheduler plays a crucial role in ensuring that the TB size
(TBS) aligns with the chosen Mdul ati on and Codi ng Schene (MCS) and
the nunber of Physical Resource Bl ocks (PRBs) allocated for the
transmission. In addition to the above functions, the MAC al so
manages random access control during the initial access of UEs.

3.5. Latency Analysis

The | atency anal ysis focuses on the follow ng areas as contributors
to the | atency:

* Processing delays at gNB and UE
* Traffic handling / queuing
* Data transm ssion over the radio interface

* Reliability mechanisns (like HARQ
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In addition, further delays may be incurred due to nobility of
devices or activating devices from power-saving idle states.

3.5.1. Processing delays in gNB and UE

For RAN processing in both UE and gNB, the nost processing-intensive
functions are found in the physical layer. They conprise, e.g.,
channel equalization, channel encoding and decodi ng, Miltiple-input
Mul tipl e-output (MM processing. As part of the 5G standardi zation
for URLLC, different UE capabilities with regards to processing tines
have been defined. For UEs that support faster processing (i.e. "UE
capability 2"), this allows the scheduler in the gNB to accel erate
certain radi o transni ssion procedures that depend on UE processing
times.

3.5.2. Traffic handling and queuing

In practical network situations a 5G network provides connectivity
for a large nunber of UEs and a potentially even |arger nunber of
traffic flows. The gNB schedul er allocates the radio resources to
all Ues and traffic flows in a radio cell for both uplink and
downlink. In case that nore traffic packets arrive at the wrel ess
5Gtransnitter than can be served in the next transm ssion tine
interval, which is the scheduling period for which radio resources
are allocated, queuing occurs as not all traffic can be handl ed

i nst ant aneously. The queui ng of packets thus can introduce
addi ti onal packet del ays.

To ensure that tine-critical traffic flows are not inpacted by |arge
queui ng delays, traffic prioritization is defined. 5G applies a QS
framework, where different traffic flows are separated (into so-
called QS flows), and traffic handling and prioritization is
performed between those flows. By appropriate prioritization in the
schedul er, the inpact of queuing can be mninmzed for tine-critica
traffic flows. For this to work, it is also inportant that the total
nunber and aggregate traffic of time-critical traffic flows, that
shoul d obtain priority in scheduling decisions, stays bel ow sone
threshold fraction of the total 5G network capacity. To this end,
adm ssion control is applied when admtting new traffic flows.

3.5.3. Data transm ssion over the radio interface

The data transm ssion over the radio interface is significantly
impacted by the radio interface design and the frame structure. A
radio slot consists of 14 Othogonal Frequency Division Miltiplexing
(OFDM synbols, where a flexible nunmerology with different options of
sub-carrier spacing can be applied, which |leads to different slot
durations [SW18][LSWL9]. The comon slot |engths in depl oyed 5G

Varga, et al. Expires 14 June 2026 [ Page 15]



I nternet-Draft Mobi | e Lat ency Decenber 2025

networ ks have a length of 0.5 ms (based on 30 kHz sub-carrier
spacing) in frequency bands up to 6 GHz, and a length of 0.125 ns
(based on 120 kHz sub-carrier spacing). The transm ssion of user
data is schedul ed by the schedul er per slot. 5G can be deployed in a
wi de range of spectrum bands; nultiple spectrum bands can be conbi ned
by a 5G network. This includes frequency bands from 450 MHz up to
2.6 Gz which are based on frequency division duplex (FDD), which
means that uplink and downlink transnission is ongoing sinultaneously
on different spectrumcarriers. But above 2 GHz typically tine-
division duplex (TDD) is applied, where the same spectrumcarrier is
alternatingly used for uplink and downlink transm ssion. The
majority of 5G network depl oynents are based on TDD spectrum

al | ocati ons.

In principle, the 5G standard allows a very flexible configuration of
TDD patterns. |In practice, there are constraints due to coexistence:
if two networks use different TDD patterns, this can cause
interference between these two networks. For |ocal 5G network

depl oynents the choice of TDD pattern is nore flexible, in particular
when i ndoors, since such networks are nmore isolated from ot her

net wor ks and coexi stence is easier. |In today s (public) 5G networks
only a set of TDD patterns is used, which are often even with a

| arger portion of radio resources being allocated to downlink, as
nmost data in public networks is downl oaded to devices. Froma

| atency perspective the TDD pattern has a |l arge inpact on the

transm ssion latency, as it restricts at what time instances the
schedul er can allocate downlink or uplink resources for the

transm ssion of user data or control information (like HARQ

f eedback) .

O her |atency-rel ated inprovenents of the radi o transm ssion include
pre-configured transm ssion opportunities for time-critical devices;
this can significantly reduce the tinme for a UE to obtain access to
the radi o channel by avoiding an initial request procedure to the gNB
[ S\WD18] [ LSWL9] .

3.5.4. Wreless transnission reliability

A new par adi gm has been introduced with the 5G standard to address
tinme-critical conmmunications, for which features for URLLC have been
standardi zed. Those include shortened transm ssion procedures and
very robust transm ssion nodes for data and control channels, to
significantly reduce the probability of unsuccessful radio

transm ssions. In addition, a very effective way to provide
reliability in a time-varying wireless transnmi ssion context is the
application of ARQ
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By identifying packet |osses and recovering themby retransm ssions a
reliable transm ssion over 5G can be provided. Thereby a two-I|eve
ARQ mechani sm has proven to be very effective [LLM)9]. A stop-and-
wait Hybrid ARQ nechanismwith rmultiple parallel HARQ processes is

i mplemented in the MAC | ayer tightly coupled with the physical |ayer
Fast HARQ feedback (i.e., acknow edgenent of negative acknow edgenent
of successful transmission, ACK or NACK) is enabled via physica
channel s and allows for fast error recovery. 1In addition, HARQ s
integrated with channel coding by allowi ng to provide increnenta
redundancy in the retransm ssion. This provides a very spectra
efficient recovery of transm ssion errors.

Mor eover, a sliding w ndow ARQ mechani sms is provided by the RLC
layer. It operates with full ARQ status reports about missing and
correctly received RLC PDUs, which are transmtted as RLC contro
messages i ncluding a cyclic redundancy check and normal transm ssion
over the |ower MAC/ PHY | ayers. Wile the majority of transnission
errors are recovered by the MAC HARQ there is a risk of residua
HARQ errors, for exanple due to failure of the binary HARQ f eedback,
where HARQ NACK may be erroneously misinterpreted as ACK and lead to
a packet failure. It is not spectrally efficient to protect such
smal |l HARQ signals with very high reliability. The RLC ARQ protoco
is well capable at recovering such HARQ failures to provide very high
reliability of data transnission. However, the retransni ssion round-
trip time (RTT) of RLC ARQis significantly larger than the HARQ RTT.
For nobil e broadband services the benefit of this coordinated two-

| ayer ARQ has been acknow edged as an efficient solution

As shown in Figure 5, by expanding the service range of 5Gto a w der
set of critical conmmunication services the focus of |atency
performance has shifted away fromthe best-effort |atency
performance, e.g. expressed as nmean packet delay, and which is a

rel evant |latency netric for typical nobile broadband (NMBB)
applications. For time-critical services, the |latency bound cones
into focus. To this end, the concept of reliability has been defined
in the 5G standardi zati on, which expresses the probability that a
packet can be transmitted in a defined nmaxi num delay. Latency
performance is thus expressed by a pair of netrics: the |l atency bound
and the reliability with which this bound can be provided.
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Mobi | e Br oadBand Time-critical Commrunication
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I
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Figure 5: Time-critical conmunication with URLLC. from best
effort to bounded | atency perfornmance

The focus of 5G standardization so far was on the | atency bound and
the reliability for time-critical services. For the integration of
5G wit h dependabl e end-to-end comunication, e.g., based on TSN or
Det Net, packet delay variation nay al so be of inportance.

I ndependent fromthe | atency bound that is provided by 5G it is
clear fromthe description above that 5G introduces a |arge PDV; the
relative PDV is significantly larger than the one found e.g., in

wi red nodes.

4. Exanple: Observed characteristics in real network

This section contains real-world observati ons on packet del ay
distribution froma 5G system Through an enpirical analysis
framewor k devel oped for 5G networks as described in [ EDAF24], the
internal mechanisns in 5G contributing to the packet del ay
distribution were investigated.
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Figure 6: Measurenent on internal nechanisns in 5G contributing
to the packet delay distribution

In an experinment conducted on OpenAirinterface 5G network [QAI5GF , a
traffic generator was depl oyed on a static UE with ideal coverage to
push packets every 10 ns on uplink direction. The end-to-end uplink
del ay of each packet on a live 5G network was neasured and
deconposed. Figure 6 on second row di splays the cunul ative
distribution of the packet delays which al so indicates the packet’s
del ay violation probability for different delay targets. For
instance, it can be observed that 15 ns target was violated with
probability of 10e-2 while 20 ns target was violated with probability
of 10e-3. Such insight can be useful to incorporate when it cones to
determ ni ng end-to-end schedul es as the violation probability
indicates the ratio of packets that will arrive later than the

det ermi ned wi ndow.

In addition, we measured the contribution percentage of 4 distinct
del ay components to the packet delay violations: HARQ

retransm ssions, RAN transm ssion, RAN segnentation, and RAN queui ng.
Each of these processes contributes on a different level to the del ay
viol ations, which is reported in percentage in Figure 6. For
instance, 15 ns target delay with violation probability of 10e-2 has
20% contri buti on from queui ng del ay, 40% from segnentati on del ay, 25%
from RAN transm ssion, and 15% from HARQ re-transm ssi ons
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Regardi ng | arger delay targets, where violations are less likely,
contribution of HARQ retransm ssions starts to domi nate, accounting
for up to 50% of the e2e delay. This trend was further evident in
al | experinents, underscoring that the primary contributor to the
extended tail in packet delay is the infrequent yet inpactful HARQ
re-transm ssions.

5. Scheduling related future work

[ D6G D3. 4] describes the concepts and algorithms for optim zing and
dynani cal | y adapting end-to-end schedules with wired and wirel ess
network el enents to enabl e determ nistic end-to-end guarantees in
dynani ¢ environments including nmobility, dynam c packet delay, and
dynani c stream sets. Mreover, in [D6G D3.4] several algorithnms for
cal cul ating and adapting robust end-to-end schedul es for schedul ed
traffic are proposed. These algorithns feature the maxi m zation of
robust ness, fast adaptation through highly optimzed al gorithnms,
graceful degradation of the quality of service under increasing
packet del ay, and schedul es optim zed for the snmooth handover of
mobi | e stations.

The packet delay characteristics of nobile transm ssions has to be
consi dered by the packet scheduling perfornmed at routers to provide
reliable end-to-end delay guarantees. Although scheduling is only
concerned with providing bounds on queui ng del ay, the node interna
forwarding delay is another integral part of end-to-end delay and
must be consi dered when cal cul ati ng schedul i ng paraneters or

anal yzi ng an end-to-end schedule. The node internal forwardi ng del ay
of nmobile virtual DetNet routers causes a packet delay that is

stochastic and heavy-tailed, i.e., larger delay values are nore
likely conpared to exponentially bounded tails and packet del ay
variation is relatively large. These properties will lead to the

foll owi ng problens for end-to-end schedul i ng.

In case of clock-driven scheduling scenarios, sinmlar to schedul ed
traffic (time-aware shaper) [|EEE8021CQbv] of TSN, the end-to-end
schedul i ng requires the cal cul ation of per-hop tinme-tables [SO.23] to
control packet forwarding:

* Bad reliability-efficiency trade-off: due to the |arge packet
del ay variation, larger tinme wi ndows have to be allocated to flows
to isolate flows in time and reliably guarantee del ay bounds.

Wth non-work-conserving scheduling (i.e., exclusively allocated
time wi ndows) this reduces the nunber of admitted flows or
bandwi dth that can be utilized.
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* Hi gher conplexity of scheduling problemformulation and sol ution
stochastic packet delay nust be considered in the fornulation for
calculating tine-tables (e.g., Integer Linear Progranmm ng,
Constrained Programming). This mght also increase the tine to
calcul ate a feasible schedul e or make deci sions for adm ssion
control

In case of other (non-clock-driven) scheduling nechanisns, e.g.,
using static or dynamic priorities or hop-by-hop traffic shaping |ike
the TSN Credit-Based Shaper [|EEE8021Qav], Asynchronous Traffic
Shaper [| EEE8021CQxr], etc.

* Higher conplexity of end-to-end delay anal ysis: stochastic del ay
with large delay variation needs to be considered in the analysis
met hodol ogy, e.g., in definition of arrival curves in network
cal culus [MSL18], to derive tight delay bounds.

In future work, a detailed analysis for each individual scheduling
approach is required to anal yze the specific inpact of the packet
del ay characteristic onto end-to-end del ay bounds, end-to-end del ay
variation, reliability-efficiency trade-off, runtinme of schedule
synt hesi s and anal ysis, and other KPIs.

Dependabl e, tinme-critical comrunication is poised to becone a key
technol ogy enabler for future mobile (6G networks. [D6G D1.4]

provi des a comprehensi ve overvi ew about a system architecture
tailored to dependable, tinme-critical conmunication, and offers a
detail ed description of the architecture’s depl oynent for realizing
several tinme-critical use cases. Furthernore, [D6G D1.4] describes
how to enabl e new forns of performance predictions for dependabl e
end-to-end traffic nanagenent when integrating 6Ginto tinme-sensitive
or determnistic networks (TSN Det Net).

6. Summary

Wrel ess conmmuni cation provides flexibility and sinplicity, but with
i nherently stochastic conponents that |ead to packet del ay
distributions netrics exceeding significantly those found in wired
counterparts. These deviations of stochastic characteristics make
traditional approaches to planning and configuration of end-to-end
time-critical comunication networks such as Tinme-sensitive
Net wor ki ng (TSN) or Deterministic Networking (DetNet), fall short in
their performance regarding service perfornmance, scalability, and
efficiency.

Sone traffic shaping mechani sns, |ike tinme-schedul ed transn ssion

(i.e., |EEE 802.1Qbv), expect very determnistic |atency behavior in
every node on the transmi ssions path. The latency distribution of a
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5G system nakes it inpracticable to inplenent sonme | egacy time-
schedul e configurations. Therefore, to ensure wide integration and
interworking with wired determ nistic technol ogy such as TSN and
DetNet, it is desirable to develop wireless-friendly solutions to
ensure the end-to-end | atency bounds of determ nistic applications.
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