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Introduction
This contribution considers potential Layer 1 enhancements for URLLC, including PDCCH, UCI, PUSCH, and scheduling/HARQ/CSI processing timelines, according to the scope of the URLLC SI [1]. This contribution assumes that, based on [1], a Rel-16 URLLC UE does not need to support other service types, such as mobile broadband.

PDCCH for URLLC
UE Capability for PDCCH monitoring 
Table 1 lists the UE capability requirements for the number of PDCCH candidates to monitor per slot and on the number of non-overlapping CCEs to perform channel estimation per slot for Case 2 (PDCCH monitoring within a slot) as a function of the SCS [2]. 

Table 1: Number of monitored PDCCH candidates and non-overlapping CCEs per slot 
	SCS
	15 KHz
	30 KHz
	60 KHz
	120 KHz

	Number of monitored PDCCH candidates
	44
	36
	22
	20

	Number of non-overlapping CCEs
	56
	56
	48
	32



There have been discussions whether or not the above UE capabilities are sufficient for Case 2 or whether they should be enhanced in Rel-16 to support URLLC services. It is noted that based on the SID [1], Rel-16 URLLC UEs do not need to support other types of services (e.g. mobile broadband services). 

In terms of the number of PDCCH candidates a UE needs to monitor per slot, the capabilities defined in Rel-16 are sufficient even for 15 KHz SCS. For the USS, monitoring of one DCI format size is sufficient at least for Rel-16 URLLC. For the CSS, DCI formats 2_1 and 2_3 do not need to be monitored while the size of DCI formats 2_0 and 2_2 is UE-specifically configured and does not need to be different than the unicast DCI format size. Given the low DCI format BLER target, it is more meaningful for a network to configure DCI formats 2_0 and 2_2 separately for UEs with MBB services than for UEs with URLLC services. Then, there is no clear distinction of CSS and USS and the overall operation is similar to the one in LTE for decoding DCI format 0/1A in the CSS. These aspects do not have identifiable specification impact and can be left to gNB implementation. 

Further, even if the DCI format size is reduced compared to that of DCI format 0_0/1_0 in Rel-15, a UE will not need to have many candidates for small CCE aggregation levels (although there is no reason to forbid this from the RRC configuration). The UE will also not have many candidates for the large CCE aggregation levels due to the limitation in the number of non-overlapping CCEs and in the number of available CORESET resources. This is OK considering that UE scheduling is sporadic and not many UEs with URLLC service will need to be scheduled at a same PDCCH monitoring occasion; even in the opposite case, the number of non-overlapping CCEs and the overall resource availability would be a stricter limitation than the number of monitored PDCCH candidates. 

Observation 1: There is no need to increase the number of monitored PDCCH candidates per slot for Rel-16 URLLC. 


The number of non-overlapping CCEs is a more difficult limit than the number of monitored PDCCH candidates. Even so, for 60 KHz SCS and 120 KHz, slot-based scheduling suffices to meet the latency requirements and the number of non-overlapping CCEs allows for a sufficient number of monitored PDCCH candidates even for UEs below the 5% point of the geometry CDF to avoid potential blocking. Due to the highly infrequent nature of URLLC traffic, a number of respective UEs scheduled in a same slot is expected to be small and the budget for PDCCH candidates and number of non-overlapping CCEs is adequate (it is even possible to postpone scheduling to a next slot in the improbable case that blocking happens in a given slot). Further, operation with 60 KHz SCS allows for a ‘simple’, slot-based, operation and is a natural fit to supporting low latency services (and was not available in LTE for sTTI-based operation).

Observation 2: The number of non-overlapping CCEs is sufficient for operation with 60 KHz SCS or 120 KHz SCS.

Observation 3: Operation with 60 KHz SCS is appropriate for low latency services.


The most challenging setup for low latency services is the 15 KHz SCS. A first consideration is whether the specifications should optimize/enhance support for low latency services with 15 KHz SCS given that the Rel-15 design for 60 KHz SCS is sufficient. Additional requirements for operation with 15 KHz SCS would imply higher complexity for UEs supporting low latency services in Rel-16 (likely to be machine-type devices, not smartphones) or different categories for UEs supporting MBB services and low latency services and for UEs not supporting low latency services.

A second consideration is whether an increase in the number of non-overlapping CCEs is needed to support low latency services at 15 KHz or whether network implementation can do so without requiring increased UE complexity. Figure 1 shows a straightforward configuration for PDCCH monitoring in a slot for supporting low latency services. 

The UE is configured one CORESET that includes 48 RBs and 2 symbols. For the search space set, the UE is configured a monitoring pattern every 2 symbols within the slot for the CORESET starting from the first symbol. With wideband RS (i.e. value of higher layer parameter precoderGranularity = allContiguousRBs), the UE can combine, after descrambling, the DMRS in the two symbols of the CORESET before filtering in the frequency domain (single channel estimate) as the time variation over 2 adjacent symbols is negligible. The total number of non-overlapping CCEs is 56 (as in Rel-15). 

The UE can have, for example, {3, 2, 1} PDCCH candidates with {4, 8, 16} CCEs every 2 symbols which is sufficient both for link adaptation and for avoiding blocking when a few UEs are simultaneously scheduled. In the highly unlikely event that a PDCCH is blocked, it can be transmitted in the next 2 symbols without material penalty as the blocking probability is expected to be very low. Non-zero numbers of candidates for aggregation levels of 1 CCE or 2 CCEs can also be configured. PDCCH repetitions, if needed, can also be supported or a CORESET with longer duration, such as 6 symbols, together with larger CCE aggregation levels, such as 32 CCEs, can be introduced as a possible simpler alternative to PDCCH repetitions [2]. Repetitions or additional CCE aggregation levels would result to a modest increase in the number of PDCCH candidates (not an issue – number of candidates for aggregation level of 4 CCEs can be reduced if a UE is configured for repetitions for a PDCCH reception) and, more importantly, would not increase the number of non-overlapping CCEs. 

CORESET

Figure 1: PDCCH monitoring in a CORESET of 2 symbols and 48 PRBs every 2 symbols of a slot.

Observation 4: Rel-15 UE requirements on the number of non-overlapping CCEs can support low latency services even at 15 KHz SCS with reasonable network configurations.


Based on the previous observations, it is not required to increase the UE complexity, in terms of number of PDCCH candidates or number of non-overlapping CCEs per slot, relative to the one in Rel-15 for supporting low latency services in Rel-16. 

Proposal 1: A Rel-16 UE supports the same number of PDCCH candidates and the same number of non-overlapping CCEs per slot as a Rel-15 UE.


DCI Formats
With the exception of low latency requirements, when applicable, URLLC UEs have little difference from LTE eMTC UEs. Both require transport blocks of small sizes (smaller for URLLC than for eMTC) to be scheduled while having a link budget that may not be sufficient to achieve target BLERs. The reasons are different for LTE eMTC (poor coverage) and URLLC (low BLER target) but the problem is the same – the geometry is not adequate for the target BLER. 

Due to the small TB sizes and the requirement for low BLER, DL control overhead is a major consideration. Given that for the identified URLLC scenarios in Rel-16 (factory automation, transport industry, electrical power distribution) TB sizes are small, it is beneficial to reduce as much as possible the DCI overhead. Regardless of any reduction, just due to the 24-bit CRC and the low BLER target, DCI overhead will anyway represent a significant percentage of the total DL resources required for scheduling PDSCH receptions and, despite the sporadic nature of URLLC, it can also cause disruptions to eMBB service. Further, although sporadic, it is possible that many PDCCHs will need to be transmitted at a same time (e.g. in electrical power distribution when there is a failure or in factory automation when there is inter-dependent operation). 

Observation 5: PDCCH reception in URLLC represents a material percentage of the total resources required for a PDSCH reception regardless of DCI format size reduction. 

Observation 6: It is challenging in practice for a network to simultaneously transmit multiple PDCCHs for URLLC services.

Similar to LTE eMTC, any exercise to determine required DCI format fields and their size needs to consider the attributes of URLLC PDSCH receptions and PUSCH transmissions. Due to the 24-bit CRC requirement, which is not possible to reduce due to the low target BLERs for URLLC especially since most of the time the UEs will not have a valid DCI format but will be decoding for it, any gains from DCI overhead reduction will be small. Nevertheless, such gains should be pursued in Rel-16 as they are ‘free’ (only require DCI format design without resource consumption or additional UE complexity).

Elimination of a DCI format for scheduling PDSCH should also be considered similar to UL grant-free operation. Then, instead of decoding DCI formats for multiple candidate PDCCH receptions, a UE can decode TBs for fewer candidate PDSCH receptions where the TB size is similar or somewhat larger size than the DCI format size and overall UE decoding complexity can be similar to or smaller than PDCCH decoding complexity. This is preferable in terms of overhead, reliability, and latency as a two-step (PDCCH+PDSCH) scheduling is avoided also for the DL.

Observation 7: DCI format size reductions for URLLC offer limited benefits but these benefits do not have an associated cost to the system or to the gNB/UE complexity.

Observation 8: Eliminating use of a DCI format for PDSCH receptions, as for PUSCH transmissions, provides material spectral efficiency, robustness, and latency gains. 

Numerous contributions in RAN1#92bis considered DCI format fields and their sizes for URLLC. In general, again as in LTE eMTC, all fields relative to the ones for eMBB can be reduced in size or even be eliminated. However, one difference in NR is the support of multiple numerologies. This can result to different timing requirements and resource allocations. For example, a 3 symbol duration at 15 KHz SCS is roughly equivalent to a slot duration at 60 KHz SCS. Then, for example, scheduling timings or HARQ-ACK timings can be in symbols for 15 KHz SCS but can be in slots for 60 KHz SCS, particularly considering TDD operation. The same applies for a need to have a DAI field in the DCI formats (i.e. whether or not there is a bundling window for HARQ-ACK transmission). Some fields such as the time-domain resource allocation field need to have larger values for small SCS (15 KHz) while other fields such as the DAI field needs to have larger values for larger SCS (60 KHz). However, it is preferable to avoid differentiation depending on the SCS and avoid having multiple corresponding specifications. This implies that the size for each field should be configurable.

Configurability should also apply for other fields such as HARQ process number and the RV. Depending on the application or the network deployment, a HARQ process number can be variable – e.g. from 1 to 4 or 8. Similar, RV may or may not be used (e.g. chase combining performs practically the same as incremental redundancy for small transport blocks and/or low code rates).

Configurability can also apply for other fields or it can be predetermined for some filed to not exist or have default values in case a configuration is not provided. For example, due to the low target BLER and/or the small TB sizes, robustness is essential and linkage/dependence on CSI measurement/feedback other than wideband CSI and/or RSRP should be avoided. This implies focus on interleaved PDSCH receptions. For PUSCH, additional gain from frequency diversity may not exist since RB allocations are expected to be large and/or a gNB supporting URLLC has a large number of Rx antennas (e.g. 4) – then, having better channel estimation from increased DMRS (DMRS is not split into two hops) can be preferable. Also, FH or no FH for a PUSCH transmission may not need to be dynamically determined.  

Observation 9: A configurable size for each DCI field avoids picking a particular value that may not be appropriate for all services and/or deployment scenarios, enables a network to configure the DCI format based on the UE service/environment, and does not increase UE complexity. 

Additional comments on each DCI field and a corresponding size are provided in the following Tables. Depending on whether or not PDCCH repetitions are introduced, a field indicating the repetition number may also be needed. Default values for each field can be provided in case a configuration is not available or for fallback. The fallback DCI format size can be same as the non-fallback DCI format size. The new DCI format is assumed to be monitored by UEs that do not need to monitor the Rel-15 DCI formats (e.g. for MBB services) or that need to monitor only one of those formats in order to not increase the maximum number of DCI formats a UE can monitor at a given occasion. The DCI format size can also be used for scheduling system information, RAR, or providing UE-group TPC commands. 


Table 1: DCI format for PDSCH scheduling
	Fields
	Bits
	Comment for number of bits

	Header/Identifier for DCI format
	1
	Up to the NW how to match DL/UL DCI format sizes

	Frequency-domain PDSCH resources
	Configurable
	RBG size is determined from number of bits and active DL BWP size 

	Time-domain PDSCH resources
	Configurable
	To cover different ranges for number of symbols and slot for different SCS – can restrict to Type B PDSCH mapping

	VRB-to-PRB mapping
	0
	Can be predetermined to use interleaved mapping; else, configurable 0 or 1

	Modulation and coding scheme 
	Configurable
	Configurable from 0 (RRC provided MCS when channel is non-varying) to 4 (subset of 16 MCS values is used for less than 4)

	New data indicator
	1
	

	Redundancy version
	Configurable
	0 (chase combining) to 2

	HARQ process number 
	Configurable
	0 (single HARQ process) to 3 (may be applicable for TDD)

	Downlink Assignment Index 
	Configurable
	0 (HARQ-ACK for single PDSCH) to 3 (bundling window of 8 slots – can be applicable for 60 KHz SCS and/or TDD)

	TPC command for PUCCH 
	Configurable
	0 (TPC command is provided by a DCI 2_2-like format) to 3 (increased TPC command range if no DCI 2_2-like format)

	PUCCH resource indicator
	Configurable
	0 (implicit PUCCH resource determination in case of 1-2 HARQ-ACK bits) to 3 

	PDSCH-to-HARQ feedback timing indicator
	Configurable
	0 (e.g. 15 KHz SCS) to 2 (e.g. 60 KHz SCS and/or TDD)

	SRS request
	Configurable
	0 (e.g. wideband CQI is provided by PUCCH) or 1 (e.g. for TDD)

	Rate-matching indicator
	Configurable
	0 (e.g. single CORESET) to 2 bits (up to 4 more CORESET - may be needed for PDCCH for other URLLC PUSCH/PDSCH) 

	Carrier Indicator
	Configurable
	0 to 3 (beneficial for TDD)

	RNTI / CRC
	24
	



Table 2: DCI format for PUSCH scheduling
	Fields
	Bits
	Comment for number of bits

	Header/Identifier for DCI format
	1
	Up to the NW how to match DL/UL DCI format sizes

	Frequency-domain PUSCH resources
	Configurable
	RBG size determined from number of bits and active DL BWP size 

	Time-domain PUSCH resources
	Configurable
	To cover different ranges for number of symbols for different SCS

	Frequency hopping flag
	Configurable
	0 (frequency selective channel with large PRB allocations and/or multiple Tx antennas – more DMRS for CE) or 1 (otherwise)

	Modulation and coding scheme 
	Configurable
	Configurable from 0 (RRC provided MCS) to 4 (subset of 16 MCS values is used for less than 4)

	New data indicator
	1
	

	Redundancy version
	Configurable
	0 (chase combining) to 2

	HARQ process number 
	Configurable
	0 (single HARQ process) to 3 (e.g. for TDD and/or 60 KHz SCS)

	Downlink Assignment Index 
	Configurable
	0 (HARQ-ACK for single PDSCH) to 3 (bundling window of 8 slots – e.g. for TDD and/or 60 KHz SCS)

	TPC command for PUSCH 
	Configurable
	0 (TPC command is provided by a DCI 2_2-like format) to 3 (increased TPC command range if no DCI 2_2-like format)

	SRS request
	Configurable
	0 (DMRS of wideband allocation serves as SRS) or 1 (to sound larger BW than PUSCH BW)

	Beta_offset indicator
	Configurable
	0 (e.g. same target BLER for initial transmission and retransmission) or 2 (otherwise)

	Carrier Indicator
	Configurable
	0 to 3 (beneficial for TDD)

	RNTI / CRC
	24
	




Based on the observations, the following are proposed. 

Proposal 2: Study DCI formats for Rel-16 URLLC with configurable field sizes.

Proposal 3: Study PDSCH receptions without associated DCI formats (DCI format with size 0).

Proposal 4: Study design of DCI formats for Rel-16 URLLC that enable scheduling of simultaneous PDSCH receptions by multiple UEs.


PDCCH Repetitions 
Whether or not PDCCH repetitions are needed for the URLLC services in [1] depends on the deployment scenario. For a UE with 4 Rx antennas [3] and for a DCI format with relatively small size (e.g. ~40 bits including CRC), a BLER of 0.001% can be achieved at SINR smaller than -6 dB with an aggregation level of 16 CCEs and this can practically serve all UEs in the geometry CDF [4]. For 2 Tx antennas associated with deployments at 700 MHz, ~3.5-4 dB are additionally needed, but with ~0.5-1 dB power boosting from the gNB, the target 0.001% BLER for the DCI format can still be met at the 5% point of the geometry distribution (about -3 dB at 700 MHz [5]). Introduction of a DCI format with smaller size than in Rel-15 is expected to result to meeting the target BLER at the 5% CDF without any reliance on power boosting for an aggregation level of 16 CCEs. Nevertheless, considering typical implementation margins, some power boosting is likely to be needed.

Considering only the target BLER for the DCI format, the above would imply that PDCCH repetitions are needed at least for operation at 700 MHz. However, the link budget of all channels needs to be considered including for PDSCH and PUSCH. Considering 32 bytes and 16 bits CRC for the TB in a PDSCH, a resulting number of bits is 272 which is about 7 times larger than the number of bits in the DCI format (and larger factors than 7 apply for larger TBS of the PDSCH). The target BLER for PDCCH and PDSCH are similar (for 1-shot transmission or for the last shot of a multi-shot transmission). Considering that support for PDCCH repetitions (in the time domain) implies PDCCH transmission over at least 2 symbols (or, more reasonably, 6 symbols given that a CORESET size can be 3 symbols) then the 1 msec latency requirement cannot be met for PDCCH and PDSCH transmission. It may be argued that a larger BW can be allocated to a PDSCH transmission than to a PDCCH transmission but considering coverage limited UEs where the gNB can also use power boosting, having a large BW for the PDSCH transmission (within the UE capability limit) will not make a difference in terms of coverage.

Observation 10: The coverage of PDCCH should be compared to the coverage of PDSCH in a study of whether or not PDCCH repetitions are necessary and/or feasible subject to the 1 msec total PHY latency requirement. 


If a PDSCH transmission over a large bandwidth is feasible to provide required resources in frequency, instead of time, and meet both BLER and latency targets, the same can apply for the PDCCH (there is no apparent reason why something can be done for data information but cannot be done for control information). The simplest way with trivial specification and implementation impact to provide more resources for a PDCCH transmission is to support larger CCE aggregation levels, such as 32 CCEs, in a CORESET. One suggested impact from using a larger CCE aggregation level is that scheduling of eMBB UEs is affected. However, it is not clear why this is the case regardless of whether or not respective DCI formats share a same CORESET. Further, PDCCH/PDSCH transmissions to eMBB UEs are more likely to be affected by PDSCH transmissions than from PDCCH transmissions for URLLC services regardless of whether a PDCCH transmission with, say 32 CCEs, is in one CORESET versus, in more than one CORESET (for repetitions in frequency), or in more than one PDCCH monitoring occasions (for repetitions in time).

Observation 11: If a larger number of CCEs than the 16 CCEs of Rel-15 is needed for a PDCCH transmission of a DCI format associated with the URLLC services in [1], a CCE aggregation level larger than 16 CCEs provides a simple solution. Support of PDCCH repetitions in the frequency domain or in the time domain can be considered if essential reasons for the overall operation from having a larger CCE aggregation levels are identified.  


One reason that may motivate PDCCH repetitions in time is not related to achieving the target BLER for a corresponding DCI format but to containing a number of non-overlapping CCEs that a UE can process for channel estimation in a slot. This number is 56 in Rel-15 for 15/30 KHz SCS and 48 for 60 KHz SCS. Although the number of non-overlapping CCEs may increase (FFS) for URLLC in Rel-16, it is likely to put a limit on the number of candidates with a large CCE aggregation level that a UE can decode. Then, if 16 CCEs or 32 CCEs are needed for some UEs, a number of corresponding candidates needs to be small, potentially leading to blocking as no other CCE aggregation levels can be used for such UEs. PDCCH repetitions can allow the same CCEs to be used and, for example, a UE can perform channel estimation over 8 CCEs for two repetitions instead of 16 CCEs for one repetition. The channel estimate used for demodulating the PDCCH repetition is ‘free’ as it is the combination of the two channel estimates corresponding to respective PDCCH candidates for 8 CCEs without repetitions (no additional filtering is required). Same precoding is assumed for the DMRS. 

Repetitions are assumed to mean that PDCCH is repeated using same CCE indexes in same CORESET and DMRS combining can apply as for LTE eMTC – soft combining of LLRs applies prior to DCI format decoding (the Rel-15 search space equation results same CCEs for a same PDCCH candidate within a slot as the update is per slot). In addition to reducing the number of non-overlapping CCEs per slot, another benefit of PDCCH repetitions is that full gNB transmission power can be used over multiple symbols (e.g. 2 symbols for aggregation level of 16 CCEs) instead of being confined within one symbol (e.g. for aggregation level of 32 CCEs). However, the above can also be achieved without using repetitions but instead configuring a UE multiple CORESETs of small dimensions in frequency and over a variable number of symbols. For example, 1, 2, or 3 repetitions of a PDCCH transmission in a CORESET of 1 symbol can be equivalently achieved by configuring the UE with 3 CORESETs of 1, 2, or 3 symbols, respectively. If needed, larger CORESET durations than 3 symbols can be considered. 

Observation 12: The maximum number of non-overlapping CCEs a UE can process for channel estimation in a slot may motivate use of smaller CCE aggregation levels and repetitions for a PDCCH transmission. 

Observation 13: Configuration of M CORESETs with mxN symbols (0 < m <= M) to a UE can be equivalent to configuration of a single CORESET of N symbols and m PDCCH repetitions. 

As previously mentioned, the number of PDCCH candidates a UE needs to monitor per slot is not a concern as any limitation in PDSCH receptions is practically certain to come from the number of non-overlapping CCEs. The situation regarding the number of PDCCH candidates is actually more benign for Rel-16 URLLC (a respective UE is not expected to also support MBB services). This is because the number of DCI format sizes that a UE will monitor is likely to be one (not two or three as for MBB services) and the number of candidates per CCE aggregation level is expected to be small (since there will be more candidates for larger CCE aggregation levels and the number of non-overlapping CCEs is limited). Blocking probability among URLLC UEs is also not a concern due to the infrequent scheduling of URLLC UEs. If many URLLC UEs need to be simultaneously scheduled, there are more fundamental problems regarding overall resource availability, including for the corresponding PDSCHs/PUSCHs, that need to be first addressed.

If PDCCH repetitions are supported, latency and reliability from combining the repetitions are improved if the repetitions are consecutive in time. There is no apparent benefit from having time-interleaved PDCCH and PDSCH transmissions. Further, PDSCH mapping type B is preferable for the URLLC services in [1]. Buffering requirements should therefore be minimized and PDCCH should not be FDM with PDSCH. This may also be disadvantageous from a performance perspective as PDSCH is expected to be transmitted over more symbols than PDCCH and the gNB should not share PDSCH transmission power with PDCCH in some symbols and then limit the PDSCH transmission power in remaining PDSCH symbols as this is disadvantageous to performance, overall latency, and spectral efficiency. 

Observation 14: From a power utilization, overall latency, and UE complexity perspectives, PDSCH follows PDCCH for URLLC Rel-16 (regardless of whether or not PDCCH repetitions are supported). 

Proposal 5: Study a need for PDCCH repetitions while also considering PDSCH coverage, introduction of CCE aggregation levels larger than 16, limit on number of non-overlapping CCEs per slot, and simultaneous configuration of CORESETs with different number of symbols.

UCI Transmission for URLLC 
HARQ-ACK
A first aspect relates to enhancing HARQ processing timeline and this requires faster HARQ-ACK feedback. In Rel-15,  a UE is able to transmit only one PUCCH with HARQ-ACK information in a slot. This restriction can be removed for UEs supporting URLLC services in order to allow faster HARQ-ACK feedback as such a UE can receive PDSCH every few symbols. No other enhancement is necessary for a PUCCH transmission with HARQ-ACK information.

Proposal 6: Study support of multiple PUCCH format 0/2 transmissions for HARQ-ACK in a slot.  

A second aspect relates to multiplexing UCI in the PUSCH. In Rel-15, simultaneous PUSCH and PUCCH transmissions are not supported. This is primarily motivated by the difficulty to meet SAR emission requirements when a UE transmits multiple channels in a same band, especially when those channels have different PSDs. However, RF emissions may not be an issue for the Rel-16 URLLC services as they are targeted for machines. Supporting simultaneous PUSCH and PUCCH transmissions can result to significant simplifications in specification of simultaneous UCI and data transmissions. 

Proposal 7: Study the support of simultaneous PUSCH and PUCCH transmissions. 


Benefits of simultaneous PUSCH and PUCCH transmissions include simplification of the overall operation for the following cases.

Rel-15 considers it an error case if a UE has overlapping PUSCH and PUCCH transmissions and a timeline for multiplexing UCI in the PUSCH is not satisfied. However, the case of grant free PUSCH transmissions and PUCCH transmission at any symbol of a slot is not an error case. Possible options for the UE are to either drop the PUCCH (the penalty is that the gNB retransmits the PDCCH/PDSCH in the highly likely case of ACK) or drop the PUSCH (the penalty is that one of the repetitions of the grant-free PUSCH transmission is lost). Both options are valid. Instead of mandating one or the other by specification, it should be up to the network to control the UE behavior. The same can be apply for CSI multiplexing in a PUSCH transmission or the UE can drop the CSI by default. 

Proposal 8: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation, when a grant-free PUSCH transmission from a UE overlaps in time with a PUCCH transmission with HARQ-ACK from the UE and the UE cannot multiplex the HARQ-ACK in the PUSCH, the UE drops the PUSCH or the PUCCH transmission based on network configuration.


As data information and HARQ-ACK information relate to the same service type, the Rel-15 determination for the number of UCI REs in the PUSCH remains applicable. However, there are two aspects for Rel-16 URLLC services that are different from the mobile broadband services assumed in Rel-15. 



The Rel-15 design for multiplexing UCI in the PUSCH assumes that the UCI target BLER is smaller than or equal to the data target BLER as reflected by the range of  values (smallest one is 1.0). This may not be the case for URLLC services where the data target BLER (e.g. 1e-5 or 1e-6) may be several orders of magnitude smaller than the HARQ-ACK target BLER (e.g. 1e-3). In such case,  values smaller than 1.0 should be allowed.  

Also, the Rel-15 multiplexing of UCI in a PUSCH assumes that a TB is transmitted only in one PUSCH (the data spectral efficiency that determines the number of REs for HARQ-ACK multiplexing is computed based on the REs available for data multiplexing over one PUSCH). For a TB transmission over multiple PUSCHs, the data spectral efficiency is reduced by the number of multiple PUSCHs. If HARQ-ACK is multiplexed in each of the multiple PUSCHs, the Rel-15 derivation for the corresponding number of REs is valid. If HARQ-ACK is multiplexed only in one of the multiple PUSCHs, the Rel-15 derivation for the corresponding number of REs is not valid. In general, especially with grant-free PUSCH transmission, it is not possible to multiplex HARQ-ACK in every PUSCH transmission that conveys the same TB (it may also not be preferable to do so). 


Proposal 9: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation, study corrections in determining number of REs for HARQ-ACK (or UCI) multiplexing in a PUSCH. If HARQ-ACK BLER larger than data BLER is allowed, introduce  values smaller than 1. If HARQ-ACK multiplexing in one PUSCH of multiple PUSCHs with a same TB is allowed, study increasing the number of REs for multiplexing HARQ-ACK in the PUSCH. 


Another benefit of simultaneous PUSCH and PUCCH transmissions is that always reserving a number of REs for HARQ-ACK multiplexing in the PUSCH is avoided. For mobile broadband services, this is less of a problem as data BLER is relatively large and HARQ retransmissions can apply (although there is cost). However, for URLLC, always having reserved REs in a PUSCH that are not used to transmit data and almost always do not include actual information, is an unnecessary burden in meeting the reliability requirements. If reserved REs still need to be used, a corresponding number of REs can happen to be larger than what is allowed by the configured threshold  (depending on the data spectral efficiency) as a gNB may not want to overprovision a number of reserved REs that are rarely used for actual information. Then, both data reliability and UCI reliability is compromised.

The PUSCH may have a small number of symbols (e.g. 1-2 symbols if 15 KHz SCS is to be supported). HARQ-ACK multiplexing can occur only after the symbol with DMRS (and cannot occur in the same symbol as DMRS). Depending on the PUSCH configuration, it may not be possible to multiplex HARQ-ACK (e.g. for PUSCH transmission over 1 symbol or over 2 symbols with FH). This can be avoided by either (a) not supporting such PUSCH configurations, or (b) by supporting simultaneous PUSCH and PUCCH transmissions, or (c) by allowing HARQ-ACK multiplexing in the same symbol as DMRS, or (d) by dropping either HARQ-ACK transmission (UE transmits only PUSCH) or data transmission (UE transmits only PUCCH). If such PUSCH configuration is allowed, support of simultaneous PUSCH and PUCCH transmissions is the simpler choice as, unlike (d) it does not result to any loss of information and unlike (c) it does not require new UCI multiplexing while PAPR is comparable for (c) due to the multiplexing of different transmissions (RS + data/HARQ-ACK) in one symbol. 

Proposal 10: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation and the UE would simultaneously transmit HARQ-ACK and data in a PUSCH that includes only symbols with DMRS, consider transmitting either only data in the PUSCH or only HARQ-ACK in the PUCCH.

 
CSI Feedback Enhancements
CSI feedback enhancements primarily concern a possibility of fast CSI feedback for URLLC service purposes. There is no need to introduce new periodic/semi-persistent CSI periodicities or new A-CSI reporting modes. 

Regarding fast CSI feedback, aside of the potential specification and testing impact that can be material, the following apply:
a) Transmission of a transport block with small size and with low BLER target, such as 1e-5 or 1e-6, should be fundamentally robust and not linked to an accuracy of fast CSI measurements by a UE or to a reception reliability of fast CSI feedback at a gNB. 
b) The latency requirement of 1 msec at the PHY layer should not be burdened by a latency for a UE to measure and report CSI between PDSCH transmissions and by a latency for a gNB to process and use for scheduling the CSI feedback from the UE. If such latency can be tolerable, having additional HARQ retransmission(s) (if needed) is preferable as it could result to operation with increased target BLERs. 
c) Due to the wideband nature of PDSCH transmissions and the relative stability of wideband CSI/RSRP in time, fast CSI feedback is unlikely to provide ‘new’ information and would only represent additional overhead, latency, and require lower overall target BLERs if it is to be used by the gNB for subsequent scheduling. Triggering of wideband SRS transmission would be preferable, even for FDD operation, to provide a fast RSRP estimate. Further, a UE anyway provides an RSRP report when there is a large change and can have grant-free PUSCH transmissions.
d) Short term CSI feedback needs to be protected by CRC that increases the total payload size and makes reliable reception over a very short time challenging for most UEs. 
e) CSI feedback between PDSCH transmissions cannot help the first PDSCH transmission that may be the only one. 

Observation 15: Wideband periodic CQI or RSRP reports are sufficient and advantageous for Rel-16 URLLC services.


PUSCH enhancement for URLLC
In [1], PUSCH enhancement for URLLC focus on mini-slot level hopping and retransmission/repetition enhancements.
Mini-slot level repetition
In Rel-15, when a UE is configured with aggregationFactorUL = K > 1, a same symbol allocation applies across the aggregationFactorUL consecutive slots for both grant-based and grant-free PUSCH transmissions, as shown in Figure 2. In addition, for grant-free PUSCH, the UE does not expect to be configured with a time duration for transmission of K repetitions that is larger than a time duration derived by the periodicity P. Therefore, for grant-free PUSCH with K>1 repetitions, the UE can only start transmission at a given symbol of each slot although the initial transmission of a transport block may start at any transmission occasion with RV 0 (except the last transmission occasion for K =8). This means that when K>1, the waiting time (frame alignment) for grant-free transmission can be up to 1 slot, e.g., 0.25 ms for 60 kHz SCS and 1 ms for 15 kHz SCS. For example, as shown in Figure 2, if data arrives (PUSCH is ready for transmission) at symbol 2 of slot n, the UE can only start PUSCH transmission in slot n+1. Therefore, for UL grant-free PUSCH transmission with repetitions, the waiting time can be up to 1 slot. As provided by the analysis in section 5, considering the Tx/Rx processing delay and the transmission time, it is difficult to meet the latency requirement. 
Observation 16: For grant-free UL transmission with repetition, the waiting time (frame alignment) is up to one slot.  
For grant-based UL transmission, a gNB can dynamically allocate a resource. For small TBS, there is no material difference in scheduling a TB with a longer TTI (e.g., more symbols in one slot) and lower code rate than with mini-slot repetitions (a longer TTI actually achieves better BLER due to a smaller code rate). However, since grant-based UL transmission may require more handshake between the UE and the gNB, it may not meet a 0.5 ms ~ 1 ms latency requirement. Therefore, a motivation to support mini-slot level repetition is not strong.  
Observation 17: For grant-based UL transmission, a gNB can schedule more symbols in one slot to achieve same reliability and latency compared with mini-slot level repetition.   
Proposal 11: Consider mini-slot level repetition for grant-free UL transmission.  


Figure 2: Repetition for non-slot PUSCH in Rel-15

Frequency hopping
Rel-15 supports two types of frequency hopping:
-	Intra-slot frequency hopping, applicable to single slot and multi-slot PUSCH transmission
-	Inter-slot frequency hopping, applicable to multi-slot PUSCH transmission
For mini-slot level repetition, there are several methods to support frequency hopping:
· Option 1: mini-slot based frequency hopping.
· Shown as Figure 3, frequency hopping is implemented with a granularity of mini-slot. 
· Option 2: modified intra-slot frequency hopping: 
· Shown as Figure 4, the first hop is  , where is number of symbols for all mini-slot repetitions within a slot, the second hop is the rest of symbols in one slot.  
· This method depends on the method of repetition, e.g., if one repetition can cross the boundary of a slot, or if the leftover symbols in a slot can be used for transmission.  If any of the above two cases are supported, new DMRS mapping method needs to be revisited since it may cause different segmentation of one repetition. 
· Option 3: modified inter-slot frequency hopping: 
· The repetitions in odd slot are the first hop and the repetitions in even are the second hop. 
· This method may cause imbalance in each hop depending on the  number of mini-slot repetitions in each slot,

The frequency hopping method may highly depend on the mini-slot repetition. Therefore. The it can be studied together with mini-slot repetition. 
For frequency hopping for mini-slot level repetition, two hops are expected to provide sufficient diversity gain and the starting RB for each hop as in Rel-15 can be reused.
Proposal 12: For mini-slot level repetition, further study the hopping methods according to different repetition methods with two hops as a baseline. 


Figure 3: Option 1: Mini-slot level frequency hopping


Figure 4: Option 2: Modified Intra-slot frequency hopping
Scheduling/HARQ/CSI processing timeline
Scheduling/HARQ processing timeline
eURLLC has a requirement of latency in the order of 0.5 to 1 ms, depending on use cases (factory automation, transport industry and electrical power distribution) [1]. Therefore, the minimum target latency of eURLLC is 0.5 ms. From the definition of latency and reliability in TR 38.913, thelatency is the user plane latency and the target value is the average value.  
Before designing scheduling/HARQ processing timeline for Rel-16 eURLLC, the capability of Rel-15 NR to support 0.5 ms latency needs to be considered. There are 3 cases for determining a corresponding latency: grant-based PDSCH, grant-based PUSCH and grant-free PUSCH. Using similar concepts as in [6], average latency for grant-based PDSCH can be considered as shown in Table 3.  
Table 3. Latency analysis for grant-based PDSCH
	Step
	1.1
	1.2
	1.3
	1.4
	1.5
	Average latency5)

	Description
	Transmitter Processing Delay1)
	Frame Alignment
	TTI duration
	Receiver Processing Delay2)
	HARQ ReTx4)
	

	NR FDD
(15kHz)
	0.36ms
	0.07ms
	0.14ms
	0.21ms
	1.57ms
	0.79ms  0.79 + 10-5  1.57

	NR TDD3)
(15kHz)
	0.36ms
	0.10ms
	0.14ms
	0.21ms
	1.62ms
	0.81ms  0.81 + 10-5  1.62

	NR FDD
(60kHz)
	0.2ms
	0.02ms
	0.04ms
	0.16ms
	0.84ms
	0.42ms  0.42 + 10-5  0.84

	NR TDD3)
(60kHz)
	0.2ms
	0.03ms
	0.04ms
	0.16ms
	0.89ms
	0.43ms  0.43 + 10-5  0.89



In Table 3, the following are assumed for calculating latency based on features introduced for grant-based PDSCH scheduling in Rel-15 NR.
1) Same value with UE processing time N2 (PDCCH to PUSCH)
2) Use UE processing time N1 (PDSCH to HARQ A/N)
3) TDD configuration 46 (5 DL – 1 Gap – 1 UL with half-slot switching time)
4) Latency including 1 retransmission
5) HARQ retransmission with 10-5 probability
It is shown that Rel-15 NR TDD or FDD with 15 kHz subcarrier spacing cannot support 0.5 ms latency while Rel-15 NR TDD and FDD with 60 kHz subcarrier spacing can. It is noted that the effect of HARQ retransmission on latency is marginal because Rel-15 NR supports MCS and CQI table targeting BLER of 10-5. 
Observation 18: For 15 kHz subcarrier spacing, Rel-15 NR FDD and TDD may not support target latency of 0.5 ms for grant-based PDSCH scheduling.
Tables 4 and 5 provide latency analysis for grant-based PUSCH and grant-free PUSCH, respectively. 
Table 4. Latency analysis for grant-based PUSCH
	Step
	2.1
	2.2
	2.3
	2.4
	2.5
	2.6
	2.7
	Average latency4)

	Description
	Average delay to next SR1)
	UE sends Scheduling Request
	SR and UL Grant2)
	Tx of Scheduling Grant
	UE Processing Delay
	Tx of UL data
	Receiver Processing Delay
	

	NR FDD (15kHz)
	0.07ms
	0.07ms
	0.36ms
	0.07ms
	0.36ms
	0.07ms
	0.21ms
	> 1.21ms

	NR TDD (15kHz)3)
	0.07ms
	0.07ms
	0.46ms
	0.07ms
	0.46ms
	0.07ms
	0.21ms
	> 1.41ms

	NR FDD (60kHz)
	0.02ms
	0.02ms
	0.2ms
	0.02ms
	0.2ms
	0.02ms
	0.16ms
	> 0.64ms

	NR TDD (60kHz)3)
	0.02ms
	0.02ms
	0.23ms
	0.02ms
	0.23ms
	0.02ms
	0.16ms
	> 0.7ms



Table 5. Latency analysis for grant-free PUSCH
	Step
	3.1
	3.2
	3.3
	3.4
	3.5
	Average latency6)

	Description
	Transmitter Processing Delay1)
	Frame Alignment2)
	TTI duration
	Receiver Processing Delay3)
	HARQ ReTx5)7)
	

	NR FDD (15kHz)
	0.36ms
	0.07ms
	0.07ms
	0.21ms
	1.57ms
	> 0.72ms  0.72 + 10-5  1.57

	NR TDD (15kHz)4)
	0.36ms
	0.17ms
	0.07ms
	0.21ms
	1.62ms
	> 0.81ms  0.81 + 10-5  1.62

	NR FDD (60kHz)
	0.2ms
	0.02ms
	0.02ms
	0.16ms
	0.84ms
	> 0.4ms  0.4 + 10-5  0.84

	NR TDD (60kHz)4)
	0.2ms
	0.05ms
	0.02ms
	0.16ms
	0.89ms
	> 0.43ms  0.43 + 10-5  0.89



For Table 4, the following are assumed. 
1) Minimum SR periodicity of 2 symbols (average latency to next SR is 1 symbol)  
2) UE processing time (PDCCH to PUSCH): 5 symbols for 15 kHz, 11 symbols for 60 kHz 
3) Frame alignment due to TDD configuration, with TDD configuration 51 (1 DL – 2 gap – 4 UL within half slot)
4) Error-free condition (no retransmission)
For Table 5, the following are assumed. 
1) Same value with UE processing time N2 (PDCCH to PUSCH)
2) Minimum GF periodicity of 2 symbols, so average latency to next GF is 1 symbol  
3) Use UE processing time N1 (PDSCH to HARQ A/N)
4) TDD configuration 51 (1 DL – 2 Gap – 4 UL)
5) Latency including 1 retransmission
6) HARQ retransmission with probability of 10-5 
7) Grant-based PUSCH retransmission

As shown in Table 4, all cases  cannot support the minimum latency requirement for eURLLC. As shown in Table 5, grant-free PUSCH based on subcarrier spacing of 15 kHz also cannot support the minimum latency requirement for eURLLC while grant-free PUSCH based on subcarrier spacing of 60 kHz can. 
Observation 19: For 15 kHz and 60 kHz subcarrier spacing, Rel-15 NR FDD and TDD cannot support latency of 0.5 ms for grant-based PDSCH scheduling even with error-free reception.

Observation 20: For 15 kHz subcarrier spacing, Rel-15 NR FDD and TDD cannot support latency of 0.5 ms for grant-based PDSCH scheduling even with error-free reception.

Proposal 13: Consider whether or not it is necessary to satisfy the minimum latency requirement for eRULLC with lower subcarrier spacing for grant-based PDSCH and grant-free PUSCH. 

Proposal 14: If it is necessary to satisfy the minimum latency requirement for eRULLC with lower subcarrier spacing for grant-based PDSCH and grant-free PUSCH, study new scheduling and HARQ processing time.

Proposal 15: Study new scheduling and HARQ processing time for eURLLC to satisfy latency requirements for grant-based PUSCH.

CSI processing timeline
For aperiodic CSI reporting, UE transmits CSI report(s) on corresponding PUSCH after receiving CSI request field in a DCI format. A minimum processing time for CSI computation was introduced in Rel-15 NR. For Rel-16 eURLLC SID, a need for further enhancements to CSI processing time may not exist as it would increase latency for transmitting URLLC data.

Observation 21: There are no clear benefits for enhancing CSI processing timeline for Rel-16 eURLLC.  

Out-of-order HARQ 
Rel-15 NR does not allow having out-of-order HARQ when a gNB schedules multiple PDSCHs or PUSCHs with multiple HARQ processes in order to simplify and optimize UE processors. This restriction may be removed if a UE can simultaneously support a variety of URLLC services with different latency and reliability requirements. For example, in Rel-15, if a UE is scheduled to transmit PUSCH at slot n+4 upon DCI format detection at slot n, the UE is not able to transmit another PUSCH at slot n+3 after detecting a DCI format at slot n+1. Then, the latter PUSCH needs to be delayed due to the in-order-HARQ condition and this will increase latency. Accordingly, it is necessary to study whether or not to consider out-of-order HARQ for UE supporting a variety of URLLC services. 

Proposal 16: Study whether or not to support out-of-order HARQ procedures.  



Conclusions
This contribution considered aspects related to DL control signaling, UCI transmission, PUSCH enhancement and scheduling/HARQ/CSI processing timeline for Rel-16 URLLC and proposes the following.

Proposal 1: A Rel-16 UE supports the same number of PDCCH candidates and the same number of non-overlapping CCEs per slot as a Rel-15 UE.
Proposal 2: Study DCI formats for Rel-16 URLLC with configurable field sizes.
Proposal 3: Study PDSCH receptions without associated DCI formats (DCI format with size 0).
Proposal 4: Study design of DCI formats for Rel-16 URLLC that enable scheduling of simultaneous PDSCH receptions by multiple UEs.
Proposal 5: Study a need for PDCCH repetitions while also considering PDSCH coverage, introduction of CCE aggregation levels larger than 16, limit on number of non-overlapping CCEs per slot, and simultaneous configuration of CORESETs with different number of symbols.
Proposal 6: Study support of multiple PUCCH format 0/2 transmissions for HARQ-ACK in a slot.  
Proposal 7: Study the support of simultaneous PUSCH and PUCCH transmissions. 
[bookmark: _GoBack]Proposal 8: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation, when a grant-free PUSCH transmission from a UE overlaps in time with a PUCCH transmission with HARQ-ACK from the UE and the UE cannot multiplex the HARQ-ACK in the PUSCH, the UE drops the PUSCH or the PUCCH transmission based on network configuration.

Proposal 9: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation, study corrections in determining number of REs for HARQ-ACK (or UCI) multiplexing in a PUSCH. If HARQ-ACK BLER larger than data BLER is allowed, introduce  values smaller than 1. If HARQ-ACK multiplexing in one PUSCH of multiple PUSCHs with a same TB is allowed, study increasing the number of REs for multiplexing HARQ-ACK in the PUSCH. 
Proposal 10: If simultaneous PUSCH and PUCCH transmissions by a UE is not default operation and the UE would simultaneously transmit HARQ-ACK and data in a PUSCH that includes only symbols with DMRS, consider transmitting either only data in the PUSCH or only HARQ-ACK in the PUCCH.
Proposal 11: Consider mini-slot level repetition for grant-free UL transmission.  
Proposal 12: For mini-slot level repetition, further study the hopping methods according to different repetition methods with two hops as a baseline. 
Proposal 13: Consider whether or not it is necessary to satisfy the minimum latency requirement for eRULLC with lower subcarrier spacing for grant-based PDSCH and grant-free PUSCH. 

Proposal 14: If it is necessary to satisfy the minimum latency requirement for eRULLC with lower subcarrier spacing for grant-based PDSCH and grant-free PUSCH, study new scheduling and HARQ processing time.

Proposal 15: Study new scheduling and HARQ processing time for eURLLC to satisfy latency requirements for grant-based PUSCH.
Proposal 16: Study whether or not to support out-of-order HARQ procedures.  
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