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ABSTRACT Ultra-reliable low-latency communication (URLLC) has been introduced in 5G new radio

for new applications that have strict reliability and latency requirements such as augmented/virtual reality,

industrial automation and autonomous vehicles. The first full set of the physical layer design of 5G release,

Release 15, was finalized in December 2017. It provided a foundation for URLLC with new features

such as flexible sub-carrier spacing, a sub-slot-based transmission scheme, new channel quality indicator,

new modulation and coding scheme tables, and configured-grant transmission with automatic repetitions.

The second 5G release, Release 16, was finalized in December 2019 and allows achieving improved metrics

for latency and reliability to support new use cases of URLLC. A number of new features such as enhanced

physical downlink (DL) control channel monitoring capability, new DL control information format, sub-slot

physical uplink (UL) control channel transmission, sub-slot-based physical UL shared channel repetition,

enhanced mobile broadband and URLLC inter-user-equipment multiplexing with cancellation indication

and enhanced power control were standardized. This article provides a detailed overview of the URLLC

features from 5G Release 15 to Release 16 by describing how these features allow meeting URLLC target

requirements in 5G networks. The ongoing Release 17 targets further enhanced URLLC operation by

improvingmechanisms such as feedback, intra-user-equipment multiplexing and prioritization of traffic with

different priority, support of time synchronization and new quality of service related parameters. In addition,

a fundamental feature targeted in URLLC Release 17 is to enable URLLC operation over shared unlicensed

spectrum. The potential directions of URLLC research in unlicensed spectrum in Release 17 are presented

to serve as a bridge from URLLC in licensed spectrum in Release 16 to URLLC in unlicensed spectrum in

Release 17.

INDEX TERMS 5G, URLLC, physical layer design, 3GPP Release 15, 3GPP Release 16, 3GPP

Release 17.

I. INTRODUCTION

A. ULTRA-RELIABLE LOW-LATENCY

COMMUNICATION (URLLC) OVERVIEW

To satisfy the requirements of emerging applications such

as intelligent transportation, augmented/virtual reality, indus-

trial automation, etc., Third Generation Partnership Project

(3GPP) defined three main service categories in 5G New

Radio: Enhanced mobile broadband (eMBB), Massive

machine-type communication and URLLC. In these three

service categories, the physical design of URLLC is the most

challenging one because two conflicting factors of reliabil-

ity and latency have to be coped with at the same time.

The associate editor coordinating the review of this manuscript and

approving it for publication was Cheng Qian .

In classic communication, one of two factors must be sac-

rificed to attain the other factor. To achieve a low latency,

a shorter packet has to be used that causes a degradation

in channel coding and results in a decrease of reliability.

In contrast, to improve the reliability, while a bigger number

of retransmissions can be used in eMBB transmission, latency

requirement limits the number of retransmissions in URLLC

transmission. Moreover, if more time domain resources are

consumed due to an increase of parity check bits in the low

code rates, it also increases latency and reduces the system

efficiency.

In 3GPP Release 15, URLLC is targeted to support use

cases such as smart grid, augmented and virtual reality in

entertainment industry. Based on these use cases, 3GPP

defines the requirements to be used in URLLC design:
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‘‘A general URLLC reliability requirement for one transmis-

sion of a packet is 10-5 for 32 bytes with a user plane latency

of 1 ms’’ [1]. This reliability requirement poses a challenge

in URLLC design because it is much higher than the typical

block error rate of Long-Term Evolution (LTE) system that is

10−2. Release 16URLLC enhancements have further boosted

the requirements setting 10-6 as reliability target and a latency

further down in a range of 0.5 to 1ms to support new use cases

in industrial applications [2].

The focus of this works is to provide a comprehen-

sive overview of the physical layer design for URLLC that

has undergone fundamental changes compared to legacy

LTE systems to satisfy strict requirements on latency and

reliability.

B. PAPER ORGANIZATION

3GPP Release 15 is the first release with a full set of 5G

standard. Release 15 specified URLLC requirements that are

much stricter than LTE requirements to support use cases

such as smart grid, augmented and virtual reality in entertain-

ment industry so this release built a foundation for URLLC

design to achieve these stringent requirements by introduc-

ing higher sub-carrier spacing (SCS), sub-slot transmission

time intervals, configured grant resources, etc. The physical

layer work of Release 15 was completed in December 2017.

A summary of these features is presented in Section II.

Release 16 continued to develop further the physical layer

design for URLLC to deal with the unsolved problems in

Release 15 as well as support Industrial Internet of Things

with more stringent requirements (higher reliability of 10−6,

lower latency of 0.5 to 1 ms) in some URLLC use cases of

Release 16 as specified in [2], [4] and [5]: factory automa-

tion, transport industry including the remote driving use case

and electrical power distribution. The physical layer work of

Release 16 was completed in December 2019. An overview

of the challenges and the techniques standardized in Release

16 are described in Section III.

The ongoing Release 17 is to enhance the Release 16 fea-

tures and extend URLLC operation to unlicensed spectrum

besides the operation in licensed spectrum in Release 15 and

16 so that URLLC transmission achieves a better perfor-

mance [6]. Release 17 physical layer work has started and is

expected to be completed at the end of 2021. The objectives of

Release 17 and some techniques for these objectives expected

to be specified in Release 17 are presented in Section IV.

Some conclusions are drawn in Section V.

C. MAIN CONTRIBUTIONS

URLLC is a new service category and the work of physical

layer design for URLLC starts from the first full-set-of-5G-

standard release that is Release 15 and is still being continued

in the ongoingRelease 17. This work provides a full picture of

URLLC physical layer design fromRelease 15 to the ongoing

Release 17. The problems in each step of URLLC evolution

are presented from the transition from LTE to 5G in Release

15 to Release 16 then to Release 17. The URLLC features

standardized in Release 15 and 16 are described highlighting

the difference from legacy and explaining how they help

improve the URLLC performance. Some simulations are also

done to show the benefits of the new techniques compared

to the conventional techniques. The work also analyzes the

principal research directions of the ongoing Release 17 and

presents the techniques that are candidates to be standard-

ized in Release 17 to enhance URLLC performance in both

licensed and unlicensed spectrum.

II. 3GPP RELEASE 15 FOUNDATION FOR URLLC IN 5G

A. FLEXIBLE NUMEROLOGY AND SUB-SLOT-BASED

TRANSMISSION

A key new feature in 5G is that the introduction of flexible

SCS. Whereas in LTE the SCS was fixed to 15kHz, in 5G

values of 15 kHz, 30 kHz, 60 kHz, 120 kHz and 240 kHz are

allowed. This is one of the major differences between 5G and

LTE that aims to reduce transmission latency by decreasing

the time length of Orthogonal frequency division multiplex-

ing (OFDM) symbols. By using flexible SCS, 5G changes

OFDM symbol duration including cyclic prefix duration from

a fixed value of 71.35µs to a set of 71.35, 35.68, 17.84, 8.92

and 4.46µs.

In LTE, slot-based transmission (Physical downlink shared

channel (PDSCH)/Physical uplink shared channel (PUSCH)

mapping Type A) is used where one slot is a transmission

time interval. The transmission only can start at the beginning

of a slot so if a packet arrives after the starting point in

a slot, it must wait until the next slot to be transmitted.

This alignment time is harmful to URLLC with low latency

requirement. Therefore, in 5G, to further reduce latency by

shortening transmission time interval, sub-slot based trans-

mission (PDSCH/PUSCH mapping Type B) is introduced

where a packet is scheduled in a transmission time interval

of 2, 4 or 7 OFDM symbols. A transmission can start at

the beginning of the sub-slot transmission time interval so it

has more occasions to start in one slot instead of only one

occasion in a slot in LTE. It reduces the waiting time before

an arriving packet is transmitted.

B. CHANNEL QUALITY INDICATOR (CQI) AND

MODULATION AND CODING SCHEME (MCS) TABLES FOR

URLLC

NewCQI andMCS tables are specified to support the PDSCH

and PUSCH transmission with URLLC requirement of 10−5

besides the CQI and MCS tables for eMBB with block error

rate of 10−1. These tables allow the transmission to have the

appropriate code rate and modulation scheme for URLLC

transmission.

C. PREEMPTION INDICATION IN DOWNLINK (DL)

TRANSMISSIONS’ MULTIPLEXING

In DL, when the base station (gNB) wants to schedule a

URLLC transmission over the resources that are already

allocated to an eMBB transmission, the gNB can puncture

the eMBB transmission’s resources to schedule an URLLC

transmission in those punctured resources. This means that

the URLLC packet is transmitted as soon as possible after its
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FIGURE 1. UL DG and CG transmission.

arrival with eMBB and URLLCmultiplexing instead of wait-

ing until the end of the ongoing eMBB transmission to reduce

latency. After puncturing a part of the eMBB transmission,

the gNB transmits an preemption indication to the eMBB user

equipment (UE) so as to inform that the resources indicated

are punctured and contain data of URLLC transmission rather

than its own eMBB transmission. Thus, the eMBB UE does

not take into account the resources punctured when decoding

data.

D. UPLINK (UL) CONFIGURED-GRANT (CG)

TRANSMISSION

In LTE, UL dynamic-grant (DG) transmission requires

scheduling request (SR) from the UE and UL grant from

the gNB that occupy a large portion of time. To reduce

transmission’s latency in 5G, besides the conventional DG

transmission, CG transmission is standardized to support time

sensitive transmission. CG resources are configured to the UE

by the gNB so that the UE uses these CG resources to transmit

data on PUSCH directly to the gNB without SR and UL

grant as shown in Fig. 1. There are two types of CG PUSCH

transmission. In Type 1 CG PUSCH transmission, a radio

resource control (RRC) signalling configures the time and

frequency domain resource allocation including periodicity

of CG resources, offset, start symbol and length of PUSCH,

MCS, the number of repetitions, redundancy version, power

level, etc. In Type 2 CG PUSCH transmission, only period-

icity and the number of repetitions are configured by RRC

signalling. The other parameters are configured through an

activation downlink control information (DCI). Another tech-

nique to reduce latency as well as increase reliability in UL

CG transmission is that the UE in 5G is configured to trans-

mit automatically a number of repetitions in the consecutive

available slots without waiting feedback from the gNB as in

LTE as illustrated in Fig. 2.

Fig. 3 shows the higher reliability of K-repetition CG

transmission compared to DG transmission and reactive CG

transmission because a lower latency for one transmission

in K-repetition CG transmission allows more repetitions of

a transport block in the URLLC latency budget of 1ms. In the

simulation, a packet of 160 bits is encoded by low-density

parity-check codewithMCS1 and quadrature phase shift key-

ing modulation and transmitted in additive white Gaussian

FIGURE 2. UL repetition CG transmission.

FIGURE 3. Comparison of UL transmission performance in DG
transmission, reactive CG transmission and K-repetition CG transmission.

noise channel. SCS is 30 kHz. Due to latency of SR and

UL grant, a packet is only transmitted one time in URLLC

latency budget of 1ms in DG transmission. In reactive CG

transmission, due to latency of feedback, there are maximum

two repetitions (an initial transmission and a retransmission)

of a packet transmitted in 1ms. In K-repetition CG transmis-

sion, there are four repetitions of a packet transmitted in 1ms.

III. 3GPP RELEASE 16 FEATURES FOR URLLC IN 5G

The standardized techniques in Release 15 enhance the per-

formance of URLLC but new use cases such as factory

automation, transport industry including the remote driv-

ing use case and electrical power distribution with stricter

requirements (higher reliability of 10−6, lower latency of

0.5 to 1 ms) in Release 16 require more improvements in

URLLC physical layer design. New studies were carried out

in Release 16 and led to new techniques standardized so that

the URLLC performance in the targeted use cases is ensured.

Section III-A and Section III-B are about the new features

for DL transmission in Release 16. From Section III-C to

Section III-F are about the new features for UL transmission

in Release 16.

A. PHYSICAL DOWNLINK CONTROL CHANNEL (PDCCH)

ENHANCEMENTS

1) PDCCH MONITORING CAPABILITY ENHANCEMENTS

As presented in Section II-A, sub-slot-based transmission

is one of the features in Release 15 of URLLC.
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TABLE 1. UE monitoring capability in a slot in Release 15 [8].

In DL transmission, this feature requires the UE to monitor

DL data including PDCCH and PDSCH in sub-slot level.

The location of PDSCH is indicated by PDCCH so the UE

needs to decode PDCCH before decoding PDSCH. However,

the UE does not know the exact location of PDCCH so it

carries out blind decoding in a search space. Each possible

location of PDCCH in the search space is called PDCCH

candidate. However, in Release 15, the number of PDCCH

candidates that the UE can monitor in a slot is limited as

shown in Table 1. Moreover, the resource for PDCCH in

a slot is also limited as shown by the number of control

channel elements (CCEs) in Table 1. A CCE consist of 6

resource element groups. A resource element group equals

one resource block during one OFDM symbol that contains

12 resource elements. The number of CCEs that a PDCCH

has is defined as the aggregation level (AL) (for example,

1 CCE is AL 1, 2 CCEs are AL 2). The transmission might

be in sub-slot level while PDCCH monitoring capability is

only defined in slot level. This limit degrades the ability of

the UE to operate in sub-slot-based transmission when not

all PDCCHs can be transmitted from the gNB and monitored

by the UE. For example, if the gNB transmits PDCCH in a

sub-slot of 2 OFDM symbols with SCS of 60 kHz, the UE

has 7 occasions to monitor PDCCH in a slot of 14 symbols.

Therefore, the UE, on average, only can monitor 3 PDCCH

candidates and 7 non-overlapping CCEs per sub-slot based

on Table 1. When AL 8 (8 CCEs) is needed to guarantee

PDCCH reliability, there is not enough CCEs for that PDCCH

to be transmitted and monitored in a sub-slot. Moreover,

with 3 PDCCH candidates per sub-slot, if the UE monitors

2 PDCCH candidates with AL 2 and 1 PDCCH candidate

with AL 4, it is not capable of monitoring another PDCCH

candidate with AL 8 so this PDCCH AL 8 is dropped or

PDCCH with a lower AL is used that decreases reliability.

In Release 16, in order to solve this problem, 3GPP

enhances PDCCH monitoring capability by defining the

maximum number of monitored PDCCH candidates and

non-overlapping CCEs per span of 2, 4 or 7 symbols instead

of per slot.When monitoring capability is defined per span

for sub-slot level transmission, the UE has more PDCCH

candidates and non-overlapping CCEs that it can monitor

in a sub-slot because the capability is not divided by the

number of sub-slots in a slot as in the conventional scheme.

Therefore, PDCCH with high AL can be used to guarantee

reliability. As in the above example, there are enough CCEs in

a sub-slot for PDCCHAL 8 and the UE is also able to monitor

several PDCCH candidates with different ALs. Moreover,

more PDCCHs are able to be transmitted in a slot that reduces

the waiting time due to a bottleneck of PDCCH monitoring

capability. The UE can be configured by the gNB to monitor

FIGURE 4. Block error rate of Release 15 DCI with 40 bits payload and
Release 16 DCI with 24 bits payload.

PDCCH for the maximum number of PDCCH candidates and

non-overlapping CCEs defined per slot as in Release 15 or per

span as in Release 16.

2) NEW DCI FORMAT

In Release 15, DCI formats have a fixed number of bits in

the information fields. In Release 16, with the introduction of

new RRC parameters, new DCI formats where the number of

bits in several fields are configurable based on time and fre-

quency resources of data, frequency hopping, antenna ports

etc. are introduced to schedule URLLC UL and DL trans-

mission. Even in some fields, the number of bits can be set

to 0 because new RRC parameters are introduced to convey

that information or those fields are not required for a specific

transmission. For example, in Release 16 DCI, redundancy

version field is configurable from 0 bit to 2 bits compared to

a fixed 2 bits in Release 15 DCI. Similarly, hybrid automatic

repeat request (HARQ) process field is configurable from

0 bit to 4 bits compared to a fixed 4 bits in Release 15 DCI.

Therefore, Release 16 DCI can be configured to use less

bits than Release 15 DCI that helps improve DCI transmis-

sion’s performance for URLLC. Using a Release 16 DCI with

24 bits increases reliability of DCI because this DCI with

a smaller payload achieves higher reliability than a Release

15 DCI with 40 bits coded with the same codeword length

as shown in Fig. 4. In the simulation, a DCI with payload

of 24 or 40 bits is added 24 cyclic redundancy check bits

and encoded in Polar code to generate a codeword AL 4 and

8 having 576 and 1152 bits, respectively. The codeword is

modulated in quadrature phase shift keying and transmitted

in additive white Gaussian noise channel. The decoder at the

UE is min-sum Successive cancellation list decoder with list

size 8.

In Release 16 DCI, some new fields are added to sup-

port new features. Priority indicator field with 0 or 1 bit

is added to indicate the priority of a PDSCH or PUSCH

scheduled. However, in SPS PDSCH and Type 2 CG PUSCH,

priority of PDSCH and PUSCH is configured by RRC

and is not overwritten by the activation DCI. Open loop

power control set indication field with from 0 to 2 bits

is added to control PUSCH transmission’s power level in

case of eMBB and URLLC multiplexing mentioned in
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Section III-E.2. Invalid symbol pattern indicator field with

0 or 1 bit is added to indicate the invalid symbols for PUSCH

repetition Type B mentioned in Section III-D.

B. DL SEMI-PERSISTENT SCHEDULING (SPS)

ENHANCEMENTS

In DL transmission, the gNB can configure SPS resources

with a specific periodicity to the UE. When these SPS

resources are activated by the gNB, the UE will expect to

receive PDSCH in these resources. Therefore, the gNB can

transmit PDSCH without an associated PDCCH to schedule

PDSCH resources. A transmission of SPS PDSCH without

PDCCH reduces control overhead so SPS PDSCH transmis-

sion becomes a promising technique to be used for URLLC.

In Release 16, to support URLLC transmission with low

latency, periodicity of SPS resources is supported down to one

slot for all SCS. To serve different types of traffic, the gNB

can configure multiple configurations of SPS resources with

different periodicities, resource allocations, MCS, etc. and

indicates the index of SPS configurations by RRC. For a

given bandwidth of a serving cell, the maximum number

of SPS configurations is 8. Each configuration is activated

separately by a DCI from the gNB to the UE. On the other

hand, SPS configurations can be released jointly or separately

as indicated by a DCI.

SPS resources in different configurations might overlap

in time domain. If the UE receives multiple SPS PDSCHs

overlapped in time domain, the UE starts by decoding a SPS

PDSCH with the lowest SPS configuration index in the first

step. In the second step, any SPS PDSCHs in the received

group that overlap with the chosen SPS PDSCH in the first

step are excluded from the group and not decoded by the

UE. The step one and two are repeated to resolve the overlap

among the remaining SPS PDSCHs in the group until all

overlapped SPS PDSCHs are resolved. The UE only sends

HARQ feedback for the SPS PDSCHs chosen to be decoded.

If only HARQ feedback for SPS PDSCHs in multiple SPS

configurations are reported, maximum 4 physical uplink con-

trol channel (PUCCH) resources are configured common for

all SPS configurations per HARQ-ACK codebook. If HARQ

feedback for SPS PDSCHs in multipled SPS configurations

is multiplexed with HARQ feedback for dynamic scheduled

PDSCH, HARQ bit location for SPS PDSCHs is based on the

time domain resource assignment (TDRA) table row index

and time from the end of PDSCH to the beginning PUCCH

for HARQ feedback indicated in the activation DCI.

C. UPLINK CONTROL INFORMATION (UCI)

ENHANCEMENTS

1) MULTIPLE PUCCHs FOR HYBRID AUTOMATIC REPEAT

REQUEST-ACKNOWLEDGMENT (HARQ-ACK) WITHIN A SLOT

DL transmission in sub-slot level that is featured in Release

15 requires an improvement in feedback transmission. The

UE is expected to transmit feedback on sub-slot level as DL

data because a fast Negative acknowledgment (NACK) feed-

back on sub-slot level reduces the reception time of feedback

at the gNB and guarantees a retransmission in latency budget

of URLLC. However, in Release 15, a UE is able to transmit

only one PUCCH with HARQ-ACK information in a slot.

If the UE finishes decoding process of a packet after the

PUCCH resource for HARQ feedback in a slot, it must wait

until the next slot to transmit feedback that delays feedback

transmission and a retransmission if necessary. Moreover,

if HARQ-ACK for URLLC PDSCH occurs in the same slot

as HARQ-ACK for other eMBB/URLLC PDSCHs, all the

HARQ-ACK information will be multiplexed together and

transmitted over the PUCCH resource indicated in the latest

DL assignment. The multiplexing degrades the reliability of

HARQ feedback.

In Release 16, therefore, sub-slot-based HARQ-ACK feed-

back procedure is supported where PUCCH resources are

configured per sub-slot of 2 or 7 symbols so multiple

PUCCHs for HARQ-ACK can be transmitted within a slot.

Any sub-slot PUCCH resource is not across sub-slot bound-

aries and no more than one transmitted PUCCH carrying

HARQ-ACK starts in a sub-slot. In this way, HARQ-ACK

feedback is also transmitted in sub-slot level to match with

DL transmission in sub-slot level.

2) UCI INTRA-UE MULTIPLEXING

In Release 15, the number of PUCCHs transmitted by a UE

in a slot is limited to 2. Therefore, when the UE has multiple

overlapping PUCCHs in a slot or overlapping PUCCHs and

PUSCHs in a slot, the UE multiplexes different UCI types

in one PUCCH/PUSCH. However, in URLLC transmission,

low latency requires urgent schedules that cause an over-

lap of URLLC UCI with PUCCH/PUSCH of a different

type services with lower priority where the multiplexing

causes a degradation of the URLLC transmission. Moreover,

if the ending symbol of the multiplexing PUCCH/PUSCH

is later than the ending symbol of URLLC UCI, it causes

an additional delay to URLLC transmission. For these rea-

sons, the behavior of the UEs must be specified to guarantee

URLLC service.

In Release 16, the behaviors of the UE are standardized

following UCI prioritization based on two-level priority so

that if there is an overlap between two low priority (LP) and

high priority (HP) UL transmissions, the LP UL transmission

such as eMBB PUSCH/PUCCH is cancelled instead of being

multiplexed with the HP UL transmission such as URLLC

PUSCH/PUCCH. In the non-overlapping cancelled symbols

of the LP UL transmission, the UE is not scheduled to trans-

mit. In case the UE encounters the intra-collision of more

than two UL PUSCH/PUCCH transmissions, the UE resolves

collision between UL transmissions with same priority by

UCI multiplexing then resolves collision between UL trans-

mission with different priorities by UCI prioritization.

D. PUSCH ENHANCEMENTS

In Release 15, one PUSCH transmission instance is not

allowed to cross the slot boundary for both DG and CG

PUSCH. Therefore, to avoid transmitting a long PUSCH

across slot boundary, the UE can transmit small PUSCHs

in several repetitions without feedback scheduled by an UL
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FIGURE 5. PUSCH repetition Type B.

FIGURE 6. PUSCH repetition Type A.

grant or RRC in the consecutive available slots. This method

is called PUSCH repetition Type A. Each slot contains only

one repetition and the time domain for the repetitions of a

transport block is the same in those slots as shown in Fig. 6.

However, PUSCH repetition Type A causes big time

gap among the repetitions and makes the system unable to

achieve URLLC latency requirement. Therefore, in Release

16, PUSCH repetition Type B in Fig. 5 is developed to

eliminate time gap among repetitions and ensures the con-

figured number of repetitions in the time constraint because

the repetitions are carried out in the consecutive sub-slots so

one slot might contain more than one repetition of a transport

block.

For PUSCH repetition Type B, the time domain resource is

indicated by the gNB for the first ‘‘nominal’’ repetition while

the resources for the remaining repetitions are derived based

at least on the resources for the first repetition and UL/DL

direction of symbols. The dynamic indication of the number

of nominal repetitions for dynamic grant is jointly coded with

start and length indicator of PUSCH in TDRA table by adding

an additional column for the number of repetitions in the

TDRA table. For CG PUSCH transmission, if the number of

repetitions is not included in the TDRA table, it is provided

by RRC parameter repK . If a ‘‘nominal’’ repetition goes

across the slot boundary, invalid symbols or DL/UL switching

point as in Fig. 5, this ‘‘nominal’’ repetition is split at the

slot boundary or the switching point between UL symbols

and DL/invalid symbols into multiple PUSCH repetitions.

Therefore, the actual number of repetitions can be larger than

the nominal number.

E. ENHANCED INTER-UE MULTIPLEXING IN UL

TRANSMISSION

To increase spectrum efficiency, latency critical communi-

cation service type and non-latency critical communication

service type transmission of different UE are multiplexed in

FIGURE 7. A collision of UL DG URLLC transmission with DG eMBB
transmission.

UL transmission so the gNB needs a mechanism to handle the

collision and multiplexing of UL transmissions with different

priorities such as the collision between LP DG eMBB and

HP DG URLLC transmissions in Fig. 7. First, after receiving

SR from an eMBB UE, the gNB schedules UL resources to

the eMBB UE to transmit data. After that, another URLLC

UE also sends a SR to ask for UL resources. Due to stringent

latency requirement of URLLC transmission, if no resources

are available in the latency budget, the gNB must sched-

ule the URLLC transmission over the eMBB transmission’s

resources that causes a collision between the transmission of

two UEs.

However, no mechanism exists in Release 15 to solve

this problem. Therefore, in Release 16, 3GPP supports UL

cancellation indication (CI) and enhanced UL power control

to handle the multiplexing between LP DG eMBB and HP

DG URLLC transmissions.

1) UL CANCELLATION INDICATION

When the gNB allocates resources scheduled to the eMBB

transmissions to another URLLC UE because of a strict

latency requirement, it also transmits an UL CI as a group

common DCI to the eMBB UEs in the group to ask

them to stop their transmissions without resuming in the

non-overlapping scheduled symbols. However, only sound-

ing reference signal and PUSCH can be cancelled by UL CI.

In case of PUSCH repetitions, UL CI is applied individually

to each repetition overlapping the resource indicated by UL

CI. The UE monitors UL CI in one occasion per slot or per

span of 2, 4 and 7 symbols

The time and frequency resource for cancellation is jointly

indicated in UL CI by a 2D-bitmap. In 2D-bitmap, time
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FIGURE 8. Performance of packet detection in Release 15 and
16 schemes.

domain of the overlapping regions is divided into 1, 2, 4, 7,

14 or 28 partitions mapping to the corresponding number of

bits. In time duplex division configuration, the DL symbols

are excluded when the partitions of reference time region are

chosen. The number of partitions in frequency domain of the

overlapping regions is the division of the total number of

indication bits and the number of bits indicating time domain.

Each bit is used to to indicate whether a time-frequency

partition is punctured or not.

2) ENHANCED UL POWER CONTROL

Besides using UL CI in eMBB and URLLC multiplexing,

the gNB has a second option by using power control scheme.

The URLLC UE is indicated to increase power level of its

PUSCH transmission which improves its decoding probabil-

ity despite an overlap with an eMBB transmission of another

UE. It helps theURLLCUE operate in a higher signal to noise

ratio and compensates the effect from the interference of the

eMBB transmission. For DG PUSCH, open-loop parameter

set in Open loop power control set indication field of UL grant

DCI is supported to control transmission power. One or two

bits in UL grant are used to indicate whether a low or high

power level in the open loop power control parameter set is

used. However, power boosting is not applicable to the power

limited UEs.

Fig. 8 compares the performance of URLLC packet detec-

tion by Demodulation reference signal (DMRS) detection in

case of eMBB and URLLC transmission collision in three

scenarios: no mechanism applied as in Release 15, using UL

CI in Release 16 and using UL power control in Release

16. For each URLLC packet detection, the correlation result

between the received DMRS and the known sequence is

compared with a threshold based on target false alarm rate

to determine whether the packet exists or not. In case of UL

power control, transmission power of URLLC UE increases

by 1dB compared to the other scenarios. As can be seen

in Fig. 8, the performance of URLLC packet detection is

improved by using CI or power control at the URLLC UE.

F. ENHANCED UL CG TRANSMISSION

In Release 15, the UE is able to transmit blindly CG repe-

titions without feedback from the gNB. However, the UE is

only allowed to transmit the repetitions in one HARQ process

FIGURE 9. Less than K repetitions in CG UL transmission.

FIGURE 10. Multiple configurations to ensure K repetitions.

interval to avoid the confusion between the initial transmis-

sion and the retransmissions at the gNB. If the gNB misses

the first transmission and only detects the retransmissions in

a different HARQ process to that of the first transmission,

the gNB will use the wrong UE HARQ identity in the UL

grant to schedule a retransmission. Due to this constraint,

the UE must stop to carry out the repetitions if it reaches

the boundary of a HARQ process even if it still has not

transmitted all repetitions configured as the second and the

third packet in Fig. 9 where the UE is configured to transmit

4 repetitions.

In Release 16, to solve this problem, multiple active CG

configurations for a given bandwidth part of a serving cell is

supported. The number of CG configurations that a UE has is

configured by RRC related to logical channel configuration

with maximum 12 configurations per bandwidth part. The

UE chooses the configuration with the earliest starting point

to transmit data so that data is always transmitted at the

beginning of a HARQ process interval and all configured

repetitions are transmitted before reaching theHARQprocess

boundary as shown in in Fig. 10 for the case of four active

configurations. One UE might have multiple configurations

and one configuration might be shared among several UEs.

Multiple CG configurations are also used to serve different

traffic types at the UE.

The gNB sends RRC or DCI to make the UE activate or

release the configurations. In activation of the configurations,

only separate activation is allowed. Each configuration is

activated by a separate DCI. However, in release of the active

configurations, both separate release and joint release are

allowed. The gNB sends the Release DCI to indicate whether

a single configuration or multiple configurations are released.

The benefit of Release 16 multiple configurations in the

enhancement of PUSCH repetition’s performance is shown

in Table 2. Thanks to multiple configurations, it is ensured

that the UE transmits all repetitions as configured so trans-

mission error probability is smaller. In the simulation, with

subcarrier spacing of 60 kHz, 4 slots spread in 1 ms. The con-
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TABLE 2. Performance comparison of different schemes at SNR = −3.9dB.

figured number of repetition are 4. 4 repetitions are carried

out in 4 slots equal to one HARQ process. Each repetition

of 160 data bits is encoded by low-density parity-check code

withMCS1 and quadrature phase shift keyingmodulation and

transmitted in additive white Gaussian noise channel.

IV. URLLC ENHANCEMENTS IN RELEASE 17

In Release 15 and 16, the operation of URLLC is specified

to operate only in licensed spectrum. However, due to an

increase of demand for data transmission in 5G, unlicensed

spectrum becomes a complement to URLLC operation in

licensed spectrum because of availability and low cost of

bandwidth. One important use case is the industrial automa-

tion in controlled environments with restricted access. The

features of transmission in unlicensed spectrum have been

specified since Release 13. However, the features of unli-

censed spectrum do not take into account the features of

URLLC specified in Release 15 and 16. This incompatibility

requires the work in the ongoing Release 17 to harmonize the

features of unlicensed spectrum and URLLC so that URLLC

can operate in unlicensed spectrum and still attains the latency

and reliability requirements. Section IV-A presents the poten-

tial research directions of Release 17 for URLLC in unli-

censed spectrum.

The work of Release 15 and 16 for URLLC in licensed

spectrum is also continued in the ongoing Release 17 to

further improve URLLC performance. The objectives of

Release 17 in licensed spectrum are presented in Section IV-

B, Section IV-C and Section IV-D.

A. URLLC ENHANCEMENTS IN UNLICENSED SPECTRUM

1) HARMONIZE PUSCH REPETITIONS IN URLLC AND

UNLICENSED SPECTRUM

PUSCH repetition scheme in unlicensed spectrum specified

in Release 16 is similar to PUSCH repetition Type B in

URLLC as presented in Section III-D. However, there is

an importance difference where segmentation of PUSCH

repetition due to slot boundary and DL/invalid symbols is

not supported in unlicensed spectrum. PUSCH repetition is

dropped if it collides with slot boundary and DL/ invalid

symbols. This creates the gap between PUSCH repetitions

in unlicensed spectrum while PUSCH repetition Type B in

URLLC supports back-to-back repetitions. Therefore, this

reduces scheduling flexibility, transmission’s reliability and

increases latency. On the other hand, PUSCH repetition

scheme in unlicensed spectrum has a benefit when resource

for PUSCH repetitions can be repeated in several consecutive

slots and indicated by RRC parameter. This gives the UE

more opportunities to schedule multiple transport blocks by

a single DCI.

One potential way to combine beneficial benefits of both

schemes in unlicensed spectrum and URLLC is that the

number of resources repeated across the slots is determined

following the scheme of unlicensed spectrum while the start

symbol, the segmentation, back-to-back repetitions and the

number of repetitions follow PUSCH repetition Type B in

URLLC.

2) HARMONIZE FEEDBACK FOR CG PUSCH TRANSMISSION

IN URLLC AND UNLICENSED SPECTRUM

In Release 16, feedback for CG PUSCH transmission of

URLLC follows timer-based feedback. If the gNB decodes

correctly PUSCH, it does not send ACK feedback to reduce

overhead when the gNB must not send ACKmost of the time

due to high reliability of URLLC transmission. The UE waits

until the end of timer and if no feedback is received, the UE

assumes a successful transmission. If the gNB fails to decode

PUSCH, it sends an UL grant to schedule a retransmission in

the scheduled resource.

In contrast, feedback for CG PUSCH transmission in unli-

censed spectrum follows explicit-ACK feedback in Release

16 to counter the uncertainty of channel access in unli-

censed spectrum. If the gNB decodes correctly PUSCH, it
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sends ACK. If the gNB fails to decode PUSCH, it sends

an UL grant or NACK to schedule a retransmission in the

scheduled resource. If the gNB cannot access to the channel

to transmit ACK, NACK or UL grant, the UE does not receive

any signal from the gNB and waits until the end of timer to

retransmit data automatically in the CG resources.

Due to different feedback schemes in URLLC and unli-

censed spectrum, a feedback scheme must be decided so that

URLLC can operate in unlicensed spectrum. This scheme

can be chosen from two existing schemes in Release 16. The

gNB then tells the UE to use timer-based feedback in case

of URLLC transmission in unlicensed spectrum. Otherwise,

the UE uses explicit-ACK feedback in unlicensed spectrum

for other types of transmission. The feedback scheme for

URLLC in unlicensed spectrum might also be a new scheme

that combines the benefits of two existing schemes.

3) FRAME BASED EQUIPMENT (FBE) ENHANCEMENTS

In unlicensed spectrum, a transmitter is required to do Listen

before talk (LBT) through the channel access mechanisms

to access to the channel and transmit data in the duration of

channel occupancy time (COT). One of the channel access

mechanisms is FBE where the transmitter is allowed to do

LBT in the fixed moments. The periodicity between two

consecutive LBTmoments is a fixed frame period (FFP) from

1ms to 10ms. In Release 16, only the gNB is allowed to

initiate a COT by doing LBT in the fixed moments. After

obtaining the channel, the gNB might share the COT to the

UE so that it can transmit the UL transmission. This may

cause long latency in UL transmission due to two reasons.

First, if LBT fails, the gNBmust wait from 1ms to 10ms to do

LBT in the next moment. In that interval, the UE also cannot

start its UL transmission because no COT is initiated by the

gNB. Second, if the gNB has no DL data to transmit, it does

not initiate a COT. If the UE has UL data at that time, it also

cannot transmit because of the absence of the gNB-initiated

COT. Therefore, to reduce latency and support URLLC in

unlicensed spectrum, in Release 17, the UE is allowed to

initiate its own COT to transmit UL data.

The configuration of the UE’s FFP should avoid blocking

the gNB to initiate its own COT. It can be done by configuring

offset and periodicity of the UE’s FFP to be different from

that of the gNB’s FFP. Another problem is to make the UE

choose to transmit PUSCH in the gNB-initiated COT or the

UE-initiated COT. It can be indicated by the gNB through

UL grant or RRC when it schedules PUSCH transmission.

Another way is to preconfigure the UE by a rule to deter-

mine between the gNB-initiated COT and the UE-initiated

COT based on some criteria such as transmission’s priority,

the PUSCH location in correlation to the beginning the gNB’

FFP or the UE’s FFP. Subsequently, the UE needs a mecha-

nism to indicate to the gNB whether PUSCH transmission is

in the gNB-initiated COT or the UE-initiated COT. This indi-

cation might be carried in an UCI multiplexed with PUSCH

and some bits embedded in PUSCH. Furthermore, the UE

also needs to indicate whether the UE’s COT is shared with

FIGURE 11. DL SPS transmission’s HARQ feedback cancellation DL SPS
transmission in TDD.

FIGURE 12. SPS PDSCH transmission’s reliability in latency of 1ms with
dropped feedback and no dropped feedback.

the gNB so that the gNB can transmit DL data in that COT to

the initiating UE. These enhancements need to be included in

Release 17 to allow the UE to initiate its own COT.

B. PHYSICAL LAYER FEEDBACK ENHANCEMENTS

In Release 17, HARQ feedback for DL SPS transmis-

sion needs an improvement to work in Time division

duplex (TDD) configuration. In DL SPS transmission,

the gNB transmits PDSCH to the UE in the pre-configured

resources without an associated PDCCH so time from the end

of PDSCH to the beginning ofHARQ feedback is set since the

SPS resources are activated. However, in TDD configuration,

the configured time might point feedback to the DL slot so

the feedback is dropped as illustrated in Fig. 11. The UE is

configured to transmit HARQ feedback three slots after a SPS

PDSCH transmission. This value is used from the activation

to the release of a SPS configuration. The gNB cannot predict

slot format of all slots in advance so HARQ feedback pointed

to a DL slot is cancelled. It causes a degradation of URLLC

transmission as shown in Fig. 12 because the gNB does not

have information to trigger a retransmission if necessary.

In this simulation, a packet of 160 bits is encoded with

MCS2 in the MCS table by low-density parity-check code

then transmitted inDL additivewhiteGaussian noise channel.

The feedback is assumed to be dropped with the probabilities

of 1% and 5% due to DL slot in TDD configuration. When

NACK feedback is dropped, there is no retransmisson and the

packet is not decoded correctly by the UE causing an error.

When NACK is transmitted, the gNB retransmits the packet

with MCS1 to increase reliability.

In Fig. 12, if SPS PDSCH’s feedback is not dropped in

the conflicting slots, reliability of SPS PDSCH is improved.
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Thereby, to avoid the drop of SPS PDSCH’s feedback, several

techniques are the candidates to be included in Release 17.

The first technique is proposed to defer the dropped feedback

in the conflict slot to the next available UL slot. For example,

in Fig. 11, with the first technique, the feedback in the DL

slot is not dropped but deferred to the next PUCCH resource

in the UL slot so the feedback of two SPS transmissions is

multiplexed in one PUCCH resource. The multiplexing of

two feedback might decrease feedback’s reliability. The sec-

ond technique uses multiple values of time from the end of

PDSCH to the beginning of HARQ feedback in the activation

DCI so the UE can choose the most appropriate value based

on slot format. For example, in Fig. 11, with the second

technique, instead of K1 only being 3, the UE is configured

with K1 to be 3 or 4. K1 being 3 points the feedback of the

first SPS PDSCH to a DL slot while K1 being 4 points to an

UL slot. Therefore, the UE chooses K1 being 4 to transmit

the feedback of the first SPS PDSCH. One drawback of this

technique is that multiple K1 values increase DCI length that

reduces its reliability. In the third technique, the K1 value

is indicated dynamically in each SPS occasion by RRC or

the embedded bits in SPS PDSCH. For example, in Fig. 11,

with the third technique, instead of K1 being fixed to be 3 in

all SPS PDSCHs, each SPS PDSCH has its own value of

K1 indicated by the bits in SPS PDSCH or RRC to avoid the

DL slot. However, the dynamic signal in each SPS occasion

causes an overhead in the system. Each technique has its

own benefits and drawbacks that need to be analyzed in

Release 17.

Besides the problem of dropped feedback, there exists

another problem of HARQ feedback for SPS transmission.

In Release 16, even if there is no PDSCH transmission in the

SPS resource, the UE is still required to send NACK. The

URLLC packets have a low arrival rate so the NACK trans-

mission in the empty SPS occasions might cause a waste of

resources and interference with other UE. On the other hand,

URLLC transmission has high reliability so there is high

probability that SPS PDSCH is decoded correctly.Most of the

time the UE sends ACK for SPS PDSCH transmission that

also leads to resource consumption and interference. Skip-

ping ACK or NACK scheme in SPS transmission should be

considered to reduce resource consumption and interference

in Release 17.

In Release 16, PUCCH repetitions are done in slot level

where there is only one PUCCH repetition per slot and

PUCCH repetitions cannot cross slot boundary. The reliabil-

ity of PUCCH can be enhanced by allowing PUCCH repeti-

tions in sub-slot level as PUSCH repetition Type B in Release

17. There are more PUCCH repetitions allowed in URLLC

latency constraint and a long PUCCH can also be segmented

to small PUCCH repetitions to cross slot boundary.

Channel state information (CSI) feedback helps the gNB

make the optimal scheduling decisions and is conducive

to URLLC traffic types with sporadic traffic burst. Due

to URLLC latency, latency of CSI feedback must also be

taken into account in new URLLC features of Release 17.

First, new schemes are required to trigger aperiodic CSI with

lower latency. Second, CSI computation should be reduced to

capture more accurate channel fading and interference.

C. INTRA-UE MULTIPLEXING

In Release 16, only UCI prioritization based on a two-level

priority is standardized where the LP UCI is cancelled by the

HP UCI when they overlap. In Release 17, multiplexing of

UCI such as HARQ-ACK and SR on PUCCH with different

priorities must be supported. In multiplexing, the target code

rate and latency of the HP UCI could be guaranteed by using

separate coding where two code rates for the HP UCI and the

LP UCI are used based on their original PUCCH resources.

The HP UCI is mapped to the multiplexing PUCCH before

the LP UCI to guarantee the resource for the HP UCI. With

separate coding, latency of the HP UCI decoding is also

reduced because the gNB can start the decoding process after

receiving the symbols in the HP UCI’s resources instead of

all symbols of the multiplexing PUCCH. Moreover, the mul-

tiplexing PUCCH should end no later than the PUCCH

carrying the HP UCI.

Besides multiplexing of UCI on PUCCH, Release 17 also

supports UCI multiplexing on PUSCH with different priori-

ties. Similar to UCImultiplexing on PUCCH, separate coding

also should be used in UCI multiplexing on PUSCH to guar-

antee the target code rate and latency of the HP UCI/PUSCH.

Furthermore, the ending symbol of the LP PUSCH should be

no later than the ending symbol of PUCCH carrying the HP

HARQ-ACK.

D. ENHANCEMENTS FOR SUPPORT OF TIME

SYNCHRONIZATION

In Release 17, time synchronization requirements are defined

in [10] where time synchronization budget (the time error

contribution between ingress and egress of the 5G system

on the path of clock synchronization messages) is set to

900 ns. The flow of clock synchronization messages tra-

verses the air interface twice so the synchronization budget

between Uu interface (the radio interface between the UE

and the radio access network) should not exceed 450 ns.

This time accuracy is affected by time alignment error at

the gNB (requirements specified in [11]), timing error at the

UE (requirements specified in [12]) and time delay caused

by propagation delay. The UE estimates the downlink prop-

agation delay to synchronize with the gNB as half of the

timing advance (TA) value obtained from the gNB. How-

ever, TA measurement procedure, quantizations involved and

additional errors leave residual error despite the TA based

time compensation. The detailed analysis from [13] shows

that despite Release 16 based TA compensation, time syn-

chronization error between Uu interface may well exceed

450 ns. Therefore, improved propagation delay compensation

is necessary to achieve time synchronization requirements in

Release 17. There are two options listed for Release 17 based

enhanced propagation delay compensation that need fur-

ther study and analysis: TA-based propagation delay where

a finer TA indication granularity is used for propagation
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delay estimation and round trip time (RTT)-based propaga-

tion delay where propagation delay estimation is based on a

managed reception-transmission procedure.

V. CONCLUSION

URLLC has been specified as one of the three key services

of 5G New Radio. In order to satisfy URLLC requirements,

many new techniques in physical layer design have been

specified. This article has described the features for URLLC

in Release 15: new numerology with flexible SCS, new CQI

and MCS tables, UL and DL transmissions at sub-slot level,

preemption indication in DL eMBB and URLLC multiplex-

ing, UL CG transmissions with automatic repetitions. Subse-

quently, the evolution of URLLC in Release 16 is analyzed

with new features to improve URLLC performance in new

use cases: increasing PDCCH monitoring capability, new

DCI with the configurable number of bits in the fields, SPS

enhancements, sub-slot PUCCH transmission, UCI intra-UE-

multiplexing, PUSCH Repetition Type B with back-to-back

repetitions, CI and power control in UL inter-UE multiplex-

ing, multiple CG configurations. These features improve the

performance of URLLC transmissions and serve as a bridge

leading to the evolution of URLLC. In the current Release 17,

the features of URLLC in both licensed and unlicensed spec-

trum are being standardized. Potential directions in URLLC

research such as enhancements for unlicensed band URLLC,

feedback enhancements, intra-UE multiplexing and priori-

tization of traffic with different priority and enhancements

for support of time synchronization are discussed with the

promising candidate techniques to be included in the next

releases.

APPENDIX

LIST OF ABBREVIATIONS

3GPP Third Generation Partnership Project

5G 5th generation

ACK Acknowledgment

AL Aggregation level

CCE Control channel element

CG Configured grant

CI Cancellation indication

COT Channel occupancy time

CQI Channel quality indicator

CSI Channel state information

DCI Downlink control information

DG Dynamic grant

DL Downlink

DMRS Demodulation reference signal

eMBB Enhanced mobile broadband

FBE Frame based equipment

FFP Fixed frame period

gNB 5G base station

HARQ Hybrid automatic repeat request

HP High priority

LBT Listen before talk

LP Low priority

LTE Long-Term Evolution

MCS Modulation and coding scheme

NACK Negative acknowledgment

OFDM Orthogonal frequency division multiplexing

PDCCH Physical downlink control channel

PDSCH Physical downlink shared channel

PUCCH Physical uplink control channel

PUSCH Physical uplink shared channel

RAN Radio access network

RRC Radio resource control

RTT Round trip time

SCS Sub-carrier spacing

SPS Semi-persistent scheduling

SR Scheduling request

TA Timing advance

TDD Time division duplex

TDRA Time domain resource assignment

UCI Uplink control information

UE User equipment

UL Uplink

UL-SCH Uplink shared channel

URLLC Ultra-reliable low-latency communication
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