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Introduction
This contribution considers DL control enhancements for URLLC according to the scope of the URLLC SI [1] and it is an update to [2]. For brevity, the analysis from [2] is condensed and the performance results are not repeated.


PDCCH for URLLC
UE Capability for PDCCH monitoring 
Based on the analysis in [2], there is no need to increase the Rel-15 maximum number of PDCCH candidates [3] that a Rel-16 URLLC UE is required to monitor per slot particularly scheduling multiple UEs in a same CORESET of a same BWP at a same PDCCH monitoring instance is expected to be a highly infrequent event. Also, in such cases, the corresponding resource availability for PDSCH receptions or PUSCH transmissions and not the number of PDCCH candidates is likely to be the limiting factor. For UEs that support only URLLC services, it can be considered to reduce the maximum number of PDCCH candidates per slot that the UE is required to monitor. For UEs that support both URLLC and eMBB services, whether or not to increase the maximum number of PDCCH candidates per slot and, if so, by how much can depend on the SCS and the DCI format used for URLLC (whether or not DCI format(s) for URLLC has same size as fallback DCI formats for eMBB). For example, for SCS of 60 kHz or larger and for same DCI format size for URLLC as the fallback DCI format size for eMBB, there is no need to increase the maximum number of monitored PDCCH candidates per slot. For example, a larger % increase can be tolerates for the smaller SCS. If there is any increase in the number of PDCCH candidates, it should be uniformly distributed across the slot. 

Observation 1: Whether or not to increase the maximum number of monitored PDCCH candidates per slot for UEs supporting both eMBB and URLLC services in a slot should be determined based on the DCI format size for URLLC services and should depend on the SCS. 

Proposal 1: Consider reducing the maximum number of monitored PDCCH candidates per slot for a UE supporting only Rel-16 URLLC services relative to a Rel-15 UE. 

The maximum number of non-overlapping CCEs in Rel-15 is a more difficult limit to maintain. Even so, for 60 kHz SCS (and 120 kHz SCS), slot-based scheduling suffices to meet the latency requirements and the Rel-15 maximum number of non-overlapping CCEs per slot is sufficient. For 30 KHz SCS, half-slot based scheduling suffices to meet the latency requirements given the reduced number of PDCCH candidates that a UE needs to support due to the reduced number of DCI formats and number of scheduled UEs per PDCCH slot relative to MBB, and the Rel-15 maximum number of non-overlapping CCEs per slot is sufficient. If the UE also supports MBB services, scheduling of MBB services occurs at the beginning of a slot.

Observation 2: The Rel-15 maximum number of non-overlapping CCEs per slot is sufficient for SCS above 30 kHz.  

The most challenging setup for Rel-16 URLLC is operation with 15 kHz SCS. A first consideration is whether it is essential to optimize/enhance support for URLLC with 15 kHz SCS given the difficulties in fulfilling latency requirements particularly for the UL. Additional requirements for operation with 15 kHz SCS would imply higher UE complexity and motivate different categories for UEs supporting MBB services and Rel-16 URLLC services and for UEs supporting only MBB services or only URLLC services.

A second consideration is whether an increase in the number of non-overlapping CCEs is necessary to support Rel-16 URLLC at 15 kHz or whether network implementation can do so based on Rel-15 UE capabilities. 

Figure 1 shows a simple configuration for PDCCH monitoring occasions in a slot for 15 kHZ SCS. The UE is configured one CORESET over 48 RBs and 2 symbols. For the search space sets, 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 as different UEs can have different CORESETs. In the event that a PDCCH transmission is blocked, the PDCCH can be transmitted in the next 2 symbols without material penalty in latency. Non-zero numbers of PDCCH candidates for aggregation levels of 1 CCE or 2 CCEs can also be configured (e.g. for UEs with relatively high SINR). PDCCH repetitions, if needed, can also be supported or, alternatively, a CORESET with longer duration, such as 6 symbols, together with larger CCE aggregation levels, such as 32 CCEs, can be introduced. Repetitions or additional CCE aggregation levels would result to a modest (immaterial) increase in the number of PDCCH candidates and, more importantly, would not increase the number of non-overlapping CCEs. 
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Figure 1: PDCCH monitoring in a CORESET of 2 symbols and 48 PRBs every 2 symbols of a slot.

Observation 3: Rel-15 UE capabilities for the maximum number of non-overlapping CCEs per slot can support Rel-16 URLLC even for 15 kHz SCS with reasonable network configurations.

Observation 4: If network flexibility is desirable in the configuration of CORESETs for URLLC, an increase in the number of non-overlapped CCEs can be supported particularly for the smaller SCS.

Proposal 2: Consider increasing the maximum number of non-overlapping CCEs per slot for UEs supporting both eMBB and URLLC services and for the smaller SCS. FFS for UEs supporting only URLLC services.


DCI Formats
In RAN1#95 it was agreed to use the Rel-15 fallback DCI formats as a starting point to the Rel-16 fallback DCI and target a reduction of at least 10-16 bits. 

In general, the DCI format should fulfill the associated scheduling objectives and for the wide variety of URLLC services that are currently identified (variable latency and/or reliability targets) but also for forward compatibility, hard-coding of DCI format fields should be avoided. This has been a trend since LTE Rel-10 and has also been used for NR Rel-15 with the exception of some fundamental fields such as for resource allocation, MCS, HARQ process related fields, etc. Further, the scheduling requirements can depend on the SCS. Some examples are:
a) 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
b) Need for a DAI field depends on latency requirement, SCS, and TDD operation 
c) Number of HARQ processes and number of RVs can depend on the application, the TBS, the target code rate/BLER, etc.
d) Whether or not FH is used can be either semi-statically configured or dynamically indicated given that URLLC PDSCH/PUSCH transmissions are wideband and that channel estimation accuracy depends on the SINR
e) Depending on enhancements on UL power control, TPC command may need to have variable number of bits
f) Other fields that are already configurable from Rel-15 and fields associated with time/frequency domain resource allocation granularity

Regardless of any reduction in the DCI format size, just due to the 24-bit CRC that is not possible to reduce due to the low target BLERs, PDCCH overhead will anyway represent a significant percentage of the total resources required for Rel-16 URLLC traffic. Therefore, any reduction in the DCI format size will not have a significant benefit (e.g. a 50% reduction relative to DCI format 0_0 or 1_0 for 3 dB BLER gain is not possible). Nevertheless, even a widely reported gain of ~1 dB is material. 

Observation 5:  Hard-coding the sizes of DCI format fields for Rel-16 URLLC is detrimental and the actual number (including 0) can be left to network implementation together with the DCI format size. There is no impact on UE complexity and specification impact is minimized.

Proposal 3: For Rel-16 URLLC, the DCI format field sizes are configurable. 


Grant-free PDSCH receptions should also be considered similar to UL grant-free PUSCH transmissions at least for URLLC applications with small TBS (e.g. a few 100s of bits – similar size as DCI format 1_1 in Rel-15). Instead of decoding DCI formats for multiple PDCCH candidates, a UE can decode TBs for, possibly fewer, PDSCH candidates since the TBS is similar to or somewhat larger size than the Rel-15 DCI format sizes. Overall 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 (similar motivations as for grant-free PUSCH). 

Another approach is to have triggered PDSCH receptions and PUSCH transmission where the parameters are configured by RRC (as for SPS PDSCH/PUSCH) but the actual PDSCH reception or PUSCH transmission is triggered by a bit in a UE-common DCI format. This can improve latency and minimize PDCCH overhead as for several scenario instantaneous link adaptation is either not necessary or practically feasible/accurate.

Finally, for application where common data needs to be transmitted to multiple UEs, such as for example for a grid or machinery failure, multicast PDSCH scheduling should also be supported. Similar to LTE, this can be trivially done by an associated multicast RNTI.  

Observation 6: Eliminating use of a DCI format for scheduling PDSCH receptions provides material gains in spectral efficiency, robustness, and latency similar to grant-free PUSCH transmissions. 

Proposal 4: Support multicast scheduling by introducing a corresponding RNTI.

Proposal 5: Support grant-free PDSCH receptions.

Proposal 6: Support triggered PDSCH receptions and PUSCH transmissions with RRC-configured parameters.


PDCCH Repetitions 
PDCCH repetitions were discussed in previous RAN1 meeting without conclusion on the need. Based on various evaluation results (e.g. [2]), it is generally acknowledged that with 2 Rx antennas (for deployments at 700 MHz) and with additional 3-4 dB requirements due to typical implementation margins, a BLER of 0.001% cannot be achieved at SINRs smaller than ~-3 dB (potential reductions is DCI format size, although generally desirable, have little consequence). However, it is unclear whether the PDCCH is the coverage limiting channel. Given a same BLER target for the PDSCH and the PDCCH and that the smallest TBS (32 bytes + CRC) for Rel-16 URLLC is ~7 times larger than the expected DCI format size. Then, for PDCCH and PDSCH transmissions over a same number of symbols, the PDSCH is fundamentally the coverage limiting channel even if a ~3-4 dB gain from one retransmission is also considered. For the larger SCS, such as 60 kHz or 120 kHz, PDSCH can be transmitted over a larger number of symbols than PDCCH and this can improve PDSCH coverage while fulfilling latency requirements. Assuming a gNB with a large number of receiver antennas (e.g. 8), UL transmissions are not expected to be coverage limited (otherwise, for a gNB with 2 Rx antennas, the PUSCH is the coverage limiting channel [2]).      

Observation 7: The PDSCH is the coverage limiting channel for Rel-16 URLLC services with the strictest latency requirements at least for small SCS.  


For URLLC applications not having the strictest latency requirements or for large SCS, PDCCH (and possibly PDSCH) repetitions can be supported for a target BLER in the order of 0.001%. Repetitions are assumed to mean that PDCCH is repeated using same CCE indexes in same CORESET and DMRS combining can apply as for LTE MTC – 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 search space 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 more symbols (e.g. 2 symbols for aggregation level of 16 CCEs) instead of fewer symbols (e.g. for aggregation level of 32 CCEs). However, instead of defining PDCCH repetitions, an equivalent operation without specification impact can be achieved by configuring a UE with multiple CORESETs 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 8: The limit on the maximum number of non-overlapping CCEs a UE can process per slot may motivate use of smaller CCE aggregation levels and repetitions for a PDCCH transmission or larger CCE aggregation levels by increasing CORESET duration. 

Observation 9: Configuration of M CORESETs with mxN symbols (0 < m <= M) to a UE is equivalent to configuration of a single CORESET of N symbols and m PDCCH repetitions. 

There is no apparent benefit from having time-interleaved PDCCH and PDSCH transmissions for a same TB since there is no time diversity benefit within a few symbols. Further, PDCCH combining may not be possible as the DCI contents may need to change (e.g. different value for a HARQ-ACK feedback timing field) which defeats the purpose of repetitions. Also, PDCCH should not be FDM with PDSCH to avoid increased buffering requirements for machine-type UEs and avoid power sharing since PDSCH is expected to be transmitted over more symbols than PDCCH. The gNB should not limit the PDSCH transmission power in remaining PDSCH symbols just to maintain constant PDSCH transmission power – this will effectively require a longer transmission time and remove any potential benefit from latency reduction. Further, latency requirements are harder to meet for PUSCH scheduling, not for PDSCH scheduling. 

Observation 10: There is no benefit from time interleaved PDCCH/PDSCH ‘repetitions’ for a same TB. 

Observation 11: From a power utilization and UE complexity perspectives, PDSCH should follow PDCCH. 

Proposal 7: If PDCCH repetitions are supported for services with relaxed latency, they enable LLR combining for the DCI format, they are strictly prior to PDSCH transmission, and PDSCH repetitions are also supported.


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: Consider reducing the maximum number of monitored PDCCH candidates per slot for a UE supporting only Rel-16 URLLC services relative to a Rel-15 UE. 

Proposal 2: Consider increasing the maximum number of non-overlapping CCEs per slot for UEs supporting both eMBB and URLLC services and for the smaller SCS. FFS for UEs supporting only URLLC services.

Proposal 3: For Rel-16 URLLC, the DCI format field sizes are configurable. 

Proposal 4: Support multicast scheduling by introducing a corresponding RNTI.

Proposal 5: Support grant-free PDSCH receptions.

Proposal 6: Support triggered PDSCH receptions and PUSCH transmissions with RRC-configured parameters.

Proposal 7: If PDCCH repetitions are supported for services with relaxed latency, they enable LLR combining for the DCI format, they are strictly prior to PDSCH transmission, and PDSCH repetitions are also supported.


In addition, the following are observed.

Observation 1: Whether or not to increase the maximum number of monitored PDCCH candidates per slot for UEs supporting both eMBB and URLLC services in a slot should be determined based on the DCI format size for URLLC services and should depend on the SCS. 

Observation 2: The Rel-15 maximum number of non-overlapping CCEs per slot is sufficient for SCS above 30 kHz.  

Observation 3: Rel-15 UE capabilities for the maximum number of non-overlapping CCEs per slot can support Rel-16 URLLC even for 15 kHz SCS with reasonable network configurations.

Observation 4: If network flexibility is desirable in the configuration of CORESETs for URLLC, an increase in the number of non-overlapped CCEs can be supported particularly for the smaller SCS.

Observation 5:  Hard-coding the sizes of DCI format fields for Rel-16 URLLC is detrimental and the actual number (including 0) can be left to network implementation together with the DCI format size. There is no impact on UE complexity and specification impact is minimized.

Observation 6: Eliminating use of a DCI format for scheduling PDSCH receptions provides material gains in spectral efficiency, robustness, and latency similar to grant-free PUSCH transmissions. 

Observation 7: The PDSCH is the coverage limiting channel for Rel-16 URLLC services with the strictest latency requirements at least for small SCS.  

Observation 8: The limit on the maximum number of non-overlapping CCEs a UE can process per slot may motivate use of smaller CCE aggregation levels and repetitions for a PDCCH transmission or larger CCE aggregation levels by increasing CORESET duration. 

Observation 9: Configuration of M CORESETs with mxN symbols (0 < m <= M) to a UE is equivalent to configuration of a single CORESET of N symbols and m PDCCH repetitions. 

Observation 10: There is no benefit from time interleaved PDCCH/PDSCH ‘repetitions’ for a same TB. 

Observation 11: From a power utilization and UE complexity perspectives, PDSCH should follow PDCCH. 
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