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Introduction
In Rel. 15 URLLC WI, some preliminary tools, such as additional MCS and CQI table to enable low SE values, are introduced to provide a higher reliability as compared to NR eMBB. However, a more thorough and systematic design of NR URLLC was deferred to Rel. 16 due to the lack of time.
As agreed in RAN-P #80, a new work item for enhanced URLLC is approved [1]. As part of the study phase, it was agreed to further investigate the necessary enhancements for important URLLC use cases, and to design schemes to satisfy their requirements:
“
1) URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)


2) Enhanced multiplexing considering different latency and reliability requirements (RAN1): 
UL inter UE Tx prioritization/multiplexing 


3) Enhanced UL configured grant (grant free) transmissions, with study focusing on improved configured grant operation, example methods such as explicit HARQ-ACK, ensuring K repetitions and mini-slot repetitions within a slot. (RAN1/RAN2)
”
This paper focuses on the first item, i.e., L1 enhancements for URLLC, and presents some detailed discussions on the following topics:
· eMBB and URLLC PHY-layer differentiation 
· Downlink control enhancements including:
· Enhanced PDCCH monitoring for mini-slot level scheduling
· Compact DCI
· PDCCH repetition
· UCI enhancements including: 
· Enhanced HARQ-ACK reporting capability per slot
· A-CSI triggering by DL grant
· PUSCH Enhancements:
· Mini-slot repetition and hopping
· Reduced processing timeline at both UE and gNB.
 PHY-Layer Differentiation for eMBB and URLLC 
During the Rel. 15 WI, the need to distinguish between different traffic types at the PHY-layer was discussed extensively. Finally, in RAN1#93, the following agreement was reached:
Agreement:
· For URLLC, for grant-based transmissions, introduce one RRC parameter for configuring a new RNTI.
· When the new RNTI is not configured, existing RRC parameter mcs-table is extended to select from 3 MCS tables (existing 64QAM MCS table, existing 256QAM MCS table, new 64QAM MCS table). 
· When mcs-table indicates the new 64QAM MCS table:
· For DCI format 0_0/1_0 in CSS, existing 64QAM MCS table is used.
· For DCI formats 0_0/1_0/0_1/1_1 in USS, new 64QAM MCS table is used. 
· Otherwise, follow existing behaviour.
· Note: the configuration for DL and UL is separate
· When the new RNTI (via RRC) is configured, RNTI scrambling of DCI CRC is used to choose MCS table:
· If the DCI CRC is scrambled with the new RNTI, the new 64QAM MCS table is used; otherwise, follow existing behaviour.

As obvious from the agreement above, and based on the discussions in the Rel. 15, the conclusion was to not necessarily link the usage of the new RNTI to a specific traffic type. Hence, the Rel. 15 URLLC design does not mandate the use of RNTI or any other mechanisms to distinguish different services at PHY layer. However, the ability to distinguish different services at the PHY layer is essential in order to define priority rules; such rules can be used to facilitate intra-UE URLLC and eMBB multiplexing by prioritizing URLLC traffic over eMBB as needed.
There are many scenarios, especially in the UL direction, when the channels and/or operations are colliding; for example, the UE may need to multiplex UCI of eMBB and URLLC on the same channel, but the joint multiplexing timeline for the overlapping channels is not satisfied. In Rel. 15, such a scenario is considered as an error case. However, considering that some packets might be delay-sensitive and are required to be scheduled urgently, the abovementioned situation cannot be avoided unless additional latency is experienced. 
As another example, the UE may not be able to support the simultaneous transmission of multiple UL channels; hence, some of the UL channels should be dropped. In all these cases, if a higher priority is not given to the URLLC traffic, URLLC requirements may not be satisfied. In Rel. 15, the UL power control rules are defined based on the channel types and their contents; however, the UL channels are not ranked based on whether they are associated with a delay-sensitive traffic or not. If the collision handling is left up to the scheduler, the URLLC latency will be increased. 
It should also be highlighted that in Rel. 15 LTE, separate DCI formats with different sizes and monitoring occasions are defined for subframe-based LTE and sTTI. Hence, all the DL and UL operations can be performed separately, and many detailed prioritization and power control rules are specified. Similarly, for Rel-16 NR URLLC, the same or a different scheme can be used for indicating the priority of the services supported on different channels.
Proposal 1: Adopt a PHY-layer signalling for differentiating the channels with different traffic types in Rel. 16 URLLC.
Downlink Enhancements
Enhanced PDCCH monitoring for mini-slot level scheduling:
For meeting the URLLC latency requirement (e.g. 0.5ms ~ 1ms), it is essential for the system to provide the UEs with frequent scheduling occasions. Otherwise, each packet may first experience a long queueing delay before being scheduled. Equivalently, a URLLC UE should be able to monitor PDCCH frequently, e.g., with a 2-symbol granularity. To accomplish this task, the number of CCEs and blind decodes per PDCCH monitoring occasion should be such that: (1) the largest AL can be accommodated for ensuring PDCCH reliability, (2) there is sufficient capacity to schedule both DL and UL in the same occasion, and (3) the UE’s complexity is manageable.    
Currently, the number of non-overlapped CCEs in a given slot of a CC is limited and given for each SCS separately. This limit determines the number of non-overlapping candidates of different aggregation levels for a given UE. As an example, the number of non-overlapping CCEs per slot for SCS = 15KHz and 30KHz is 56. Considering the 2-symbol PDCCH monitoring occasion, only 8 CCEs per occasion of a given slot can be assumed. This means that in each occasion, only one candidate of AL = 8 can be provided. Given that to enhance PDCCH reliability, using a large AL, especially for cell-edge UEs, is needed, the CCE constraints can be reevaluated in Rel. 16 URLLC.
It should, however, be noted that increasing the CCE limit for URLLC might be possible if other relaxations are introduced. As an example, URLLC could use a smaller number of CCs as compared to the eMBB operation; hence, although the number of CCEs per serving cell might be increased, the overall value is still smaller than that the eMBB user can support across all CCs.
Proposal 2: To enable fast scheduling for URLLC, the number of non-overlapping CCEs per slot of a serving cell can be revisited.

Compact DCI:
In Rel. 15, reducing the size of a DCI below those of the fallback DCI formats 0-0 and 1-0 was considered, and the gains from compressing the DCI size were studied [2]. The main observation made was that reducing the DCI size even by about 10bits can only bring a negligible performance gain (0.4~0.6dB). For convenience, some of the link-level simulation results from [2] are presented in Appendix 1. On the other hand, reducing the DCI size by a larger factor may limit the scheduling flexibility. Although the performance gains obtained from reducing the DCI sizes are not attractive, the design of the compact DCI can be done in different ways or for other different reasons. 
The very first reason for reducing the DCI size could be to use the new DCI format as a service indicator. Second, even without reducing the size of the fallback DCI, some of its fields can be removed, or the field sizes can be reduced, such that more specific fields for URLLC can be added. This approach is beneficial since the fallback DCI is designed specifically for “fallback” purposes.  As a result, it only supports very basic transmission schemes. To meet the stringent latency and reliability requirements of URLLC, more advanced transmission/scheduling schemes are needed, which require some additional signaling fields besides the signaling fields that are present in the fallback DCI. More specifically, the addition of the following three fields can be considered: 
· Carrier indicator
To optimize the URLLC system capacity, it is essential to make sure URLLC UL and DL can be transmitted at any time. However, for TDD, this may be fundamentally infeasible due to the half-duplex nature. To allow for scheduling data at any time without delay, supporting carrier aggregation for URLLC is of critical importance. Especially, for control channel, it is highly desirable to be able to schedule data on TDD/FDD band from FDD based control channels, such that URLLC transmission may be dynamically FDM’ed to reduce latency. To enable cross-carrier scheduling, the carrier indicator field (CIF) is needed in the compact DCI. 

For DCI format 0_1 and 1_1, the bit-width for CIF is 3 bits. However, 3 bits may be too large an overhead for the compact DCI. To strike a good tradeoff between control scheduling granularity and control overhead, it is preferable to reduce the bit-width of CIF in the compact DCI to 1 or 2 bits.  

· Rate-matching indicator 
To meet the 1ms latency, URLLC is likely to operate over mini-slots of smaller duration, e.g., 2 or 4 symbols. In this case, it is beneficial to let the PDSCH utilize all available resources in the mini-slot that are not occupied by PDCCH or other channels. To achieve this goal, we propose to include the rate-matching indicator field in the URLLC downlink compact DCI.

· Waveform indicator
For uplink URLLC transmission, it is beneficial to allow the UE to dynamically switch the waveform between CP-OFDM and DFT-s-OFDM. Semi-static waveform configuration might be too slow for URLLC. Therefore, the waveform indicator field can be included in the URLLC uplink compact DCI.  

· A-CSI triggering via DL grant
Details are discussed in Section 4.  

For all the approaches and definition of the compact DCI proposed so far, as mentioned, some fields can be removed from the DCI or their sizes can be revisited. However, this does not necessarily mean that such information is not conveyed to the UE. In fact, instead of being dynamically indicated by a DCI, such information can be indicated either semi-statically via RRC signaling or implicitly.
Proposal 3: Designing a compact DCI format can be considered for Rel. 16 URLLC.

PDCCH repetition:
In Rel. 15, some enhancements were introduced to increase the reliability of the data channel, e.g., new MCS/CQI tables with low coding rate entries were added. As part of the Rel. 16 URLLC work, the reliability of the PDCCH channel can be evaluated, and additional enhancements, if needed and justified, can be introduced. 
As the first step, the PDCCH reliability under the Rel. 15 design should be evaluated. If the URLLC requirements are not met even assuming the largest AL value, PDCCH repetition can be considered as one solution.
The PDCCH repetition can be envisioned in two ways: (1) the same DCI is sent multiple times, but the UE is not required to combine different copies for decoding, or (2) the same DCI is sent multiple times (PDCCH can be repeated over multiple (re-)transmissions in the same HARQ instance), but at each decoding attempt, the UE is expected to combine PDCCHs that might have been sent in different dimensions for larger processing gain.
In both cases, multiple copies of the same DCI may be sent across different CCs, in different times, or from different TRPs. Under the first approach, it is only sufficient for the UE to decode one of the many PDCCH copies. Hence, diversity gains can be realized. The second approach, however, is more complicated and calls for more complex operations at the UE. Specifically, for decoding a PDCCH at a given occasion, the UE should be able to combine each candidate with a set of PDCCH candidates at other occasions. Besides requiring a more buffering capacity, the number of BDs needed for decoding a given PDCCH could also be increased. Hence, as part of the Rel. 16 study item, the first approach can be evaluated with priority.
Proposal 4: If the PDCCH reliability cannot be satisfied even with the largest defined AL, the gains from PDCCH repetition can be studied for NR URLLC. The starting point could be to evaluate PDCCH repetition (in CC, time, and TRP domain with increased diversity order) that does not require combining across different PDCCH occasions by the UE.  
UCI Enhancements
Enhanced HARQ-ACK reporting capability per slot:
In Rel. 15 NR, the number of PUCCHs per slot is at most 2 (based on a UE capability); at most one PUCCH per slot can be used to feed back HARQ-ACK bits.  This constraint leads to increasing the overall latency of the system since multiple PDSCHs should be mapped to a single HARQ-ACK report. This is shown in the figure below assuming 2-symbol PDSCH with SCS = 15KHz, timeline capability 1 with N1 = N3 (i.e., gNB PUCCH to DL re-transmission timeline) = 16 symbols, a single-symbol PUCCH, and a propagation delay of 67us. 
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Figure 1: An illustration of downlink RTT assuming a single HARQ-ACK reporting per slot.
As can be seen from the figure, the minimum required processing time must be satisfied for the last DL PDSCH; in turn, the earlier PDSCHs that share the same HARQ-ACK reporting occasion will experience a larger latency. The average RTT (averaged over all 7 PDSCHs), the best-case RTT and the worst-case RTT values for both SCS = 15KHz and 30KHz under both timing capabilities 1 and 2 are given in the following table:





Table 1: RTT values under one HARQ-ACK per slot limitation.
	
	SCS = 15KHz
Timing cap. #1
	SCS = 15KHz
Timing cap. #2
	SCS = 30KHz
Timing cap. #1
	SCS = 30KHz
Timing cap. #2

	Average RTT
	2.98ms
	1.14ms
	1.49ms
	0.71ms

	Best-Case RTT
	2.55ms
	0.71ms
	1.27ms
	0.5ms

	Worst-case RTT
	3.4ms
	1.56ms
	1.7ms
	0.92ms



Instead, if one HARQ-ACK reporting per downlink occasion is allowed, the RTT values can be reduced considerably. This is shown in the figure below assuming a 2-symbol PDSCH with SCS = 15KHz and 30KHz, timeline capability 1 with N1 = N3 = 3 symbols and N1=N3 = 4.5 symbols, respectively, a single-symbol PUCCH, and a propagation delay of 67us.
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Figure 2: Illustration of downlink RTT assuming a HARQ-ACK reporting per PDSCH.

The RTT values for different SCSs and timing capabilities are also listed in Table 2:

Table 2: RTT values under one HARQ-ACK reporting per downlink occasion limitation.
	
	SCS = 15KHz
Timing cap. #1
	SCS = 15KHz
Timing cap. #2
	SCS = 30KHz
Timing cap. #1
	SCS = 30KHz
Timing cap. #2

	RTT
	2.55ms
	1.14ms
	0.71ms
	0.5ms



It should be noted that allowing one HARQ-ACK reporting per scheduling occasion by itself is not sufficient to satisfy the most stringent latency requirement of URLLC (e.g., 0.5ms latency budget.) However, in conjunction with other enhancements, such as reducing the UE and gNB processing timeline as discussed in Section 6 of this paper, this enhancement can be significantly helpful. 
Relaxing the one HARQ-ACK report per slot has an additional benefit too. Specifically, as shown in Figure 1, under this limitation, many bits (each associated with one DL occasion) should be piggybacked on a single PUCCH resource. However, if this limitation is avoided, each PUCCH will only carry the HARQ-ACK bits of a single DL occasion; hence, the PUCCH coverage can be improved.
Proposal 5: To reduce the URLLC latency and improve its PUCCH coverage, multiple HARQ-ACK reporting per slot can be supported.

A-CSI triggering by DL grant:
In Rel. 15, the aperiodic CSI can only be triggered via an UL grant. This approach may have two drawbacks for URLLC applications: First, for URLLC use cases with a downlink-heavy traffic, the A-CSI triggering could be costly; one UL DCI is needed only to trigger the CSI reporting without an actual need for uplink data transmission. Given that, in general, many resources are needed for meeting the requirements of URLLC, spending some resources only for CSI triggering is inefficient. Second, one core objective of the URLLC design should be to rely on HARQ-based re-transmission to satisfy the extremely low BLER targets efficiently. To accomplish this, the updated CSI should be available at the gNB in time for re-transmissions (where A-CSI payload is small (e.g., CQI only) that does not require a separate UL grant to carrier the CSI report). However, triggering CSI report via an UL grant does not always allow for achieving the abovementioned objectives. In addition, a periodic CSI reporting for URLLC could be inefficient since: (1) if the reporting periodicity is large, the reported CSI is stale, and (2) if CSI reporting periodicity is small, many resources are used for CSI reporting, while the DL traffic might be sporadic. Hence, it is beneficial to trigger A-CSI reporting via a downlink grant.
Observation 1: The benefit of A-CSI triggering via a DL grant is two-fold: (1) There is no need to spend resources on sending an UL grant to only trigger the A-CSI report, and (2) the up-to-date CSI report can be made available at the gNB to make proper scheduling decisions for TB re-transmissions.
Proposal 6: For Rel. 16 URLLC, allow for triggering A-CSI reporting via the downlink grant. 
PUSCH Enhancements
For improving the reliability of the UL data transmission, two schemes can be studied; (1) sub-slot level repetition, and (2) frequency-domain hopping. The transmission repetition is meant to bring coding gain. However, the repetition by itself may not be favorable since the NR time-domain allocation is flexible enough such that it allows for selecting the number of PUSCH symbols dynamically. On the other hand, the frequency-domain hopping is targeted at providing frequency diversity. Although the gain of the frequency-domain hopping comes at a cost of a larger DMRS overhead, its achievable frequency diversity gain may outweigh its cost in some operating regimes. When both UL repetition and frequency-domain hopping are enabled simultaneously, their complementary gains, coding gain and diversity gain, can be realized. Hence, we propose to:
Proposal 7: Study the achievable gains and suitable operating scenarios for enabling mini-slot level repetition and frequency-domain hopping.  
Reduced Processing Timeline for Stringent URLLC Latency Requirement
Reduced UE and gNB processing timeline:
So far, Rel. 15 NR has defined two sets of SCS-dependent processing timelines, i.e., N1 and N2 under two different UE capabilities as given in Sections 5.3 and 6.4 of TS 38.214. Considering the stringent latency and reliability requirements defined by SA1/2, such as 0.5ms with 1e-6 reliability for factory automation, enabling a shorter N1 and N2 values is desirable. As an example, consider a downlink transmission with SCS = 30KHz, the capability#2 N1 value and a front-loaded DMRS (i.e., N1 = 4.5symbols.) Assuming N1 = N3 (i.e., gNB’s turnaround time), a propagation delay of 67us, a 2-symbol PDSCH and a 1-symbol PUCCH for HARQ-ACK reporting, the number of transmissions in 0.5ms is shown in the figure below: 


Figure 3: Downlink latency analysis assuming 2-symbol PDSCH, 1-symbol PUCCH, SCS = 30KHz, and capability #1 processing timeline with front-loaded DMRS.
As evident from the figure above, even considering the tightest defined processing timeline, only a single transmission within 0.5ms of latency budget is affordable. Although it is not shown here, the same conclusion can be drawn in the uplink direction. Hence, there are cases that to meet the requirements, a single-shot transmission without relying on HARQ re-transmissions is a given. Taking the reliability requirement of 1e-6 into account, such a system design will be inefficient. Thus, to address the needs of some URLLC use cases, tighter UE processing timelines are essential.
Equivalently, it is critical to decrease the gNB’s processing delay N3 for DL data transmissions, as well as the processing time of decoding UL transmissions and preparing re-transmission grant N4 to enable more HARQ opportunities for a given delay budget.
Proposal 8: Reducing the UE’s (N1/N2) and gNB’s (N3/N4) processing timelines can be considered for Rel. 16 URLLC.  

Reduced CSI computation time (Z/Z’):
Another avenue for URLLC enhancement to explore in Rel. 16 is to reduce the CSI computation timeline. As was discussed extensively during the Rel. 15 LTE sTTI WI, reducing the CSI computation timeline, to the extent that it is equal to the PUSCH preparation timeline or HARQ-ACK timeline, leads to enabling the gNB to have access to the most up-to-date information, thereby increasing system capacity. 
Currently, the NR CSI computation timelines for delay requirement 1 (defined as Z and Z’ in Table 5.4-1 of TS 38.214) are almost the same as the PUSCH preparation times for timing capability 1. These values are much larger than the PUSCH preparation times for timing capability 2. Hence, as part of the Rel. 16 URLLC design efforts, reducing these timelines can be considered.
Proposal 9: Consider reducing the CSI computation timeline and study the possible relaxations needed to achieve it for Rel. 16 URLLC.
Conclusion
Proposal 1: Adopt a PHY-layer signalling for differentiating the channels with different traffic types in Rel. 16 URLLC.
Proposal 2: To enable fast scheduling for URLLC, the number of non-overlapping CCEs per slot of a serving cell can be revisited.
Proposal 3: Designing a compact DCI format can be considered for Rel. 16 URLLC.
Proposal 4: If the PDCCH reliability cannot be satisfied even with the largest defined AL, the gains from PDCCH repetition can be studied for NR URLLC. The starting point could be to evaluate PDCCH repetition (in CC, time, and TRP domain with increased diversity order) that does not require combining across different PDCCH occasions by the UE.  
Proposal 5: To reduce the URLLC latency and improve its PUCCH coverage, multiple HARQ-ACK reporting per slot can be supported.
Observation 1: The benefit of A-CSI triggering via a DL grant is two-fold: (1) There is no need to spend resources on sending an UL grant to only trigger the A-CSI report, and (2) the up-to-date CSI report can be made available at the gNB to make proper scheduling decisions for TB re-transmissions.
Proposal 6: For Rel. 16 URLLC, allow for triggering A-CSI reporting via the downlink grant. 
Proposal 7: Study the achievable gains and suitable operating scenarios for enabling mini-slot level repetition and frequency-domain hopping.  
Proposal 8: Reducing the UE’s (N1/N2) and gNB’s (N3/N4) processing timelines can be considered for Rel. 16 URLLC.  
Proposal 9: Consider reducing the CSI computation timeline and study the possible relaxations needed to achieve it for Rel. 16 URLLC.
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Appendix I
Link-level simulation results on compact DCI:
The presented link-level simulation results in this section are based on the simulation assumptions agreed in RAN1 #92 meeting. We compare the BLER performance between two DCI sizes 40 bits (without CRC) and 30 bits (without CRC) for PDCCH aggregation levels 8 and 16 and for different channel/antenna configurations. The simulation results are shown in Figs. 4-7, and the performance gains of reducing the DCI payload size from 40 bits (without CRC) to 30 bits (without CRC) are summarized in Table 3. 
As is evident from the results, there is around 0.4~0.6 dB performance gain of reducing 10 bits in DCI. A larger gain may be obtained by further reducing the DCI payload size, or for lower aggregation levels. However, the bottleneck is the 24 bits CRC, which are a significant overhead of the overall DCI size.  

Table 3 Performance gain resulting from a smaller DCI size at 1e-3 BLER (40 bits -> 30 bits)
	Aggregation level
	AL8
	AL16

	TDL-C, 4Rx 
	0.5 dB 
	0.4 dB 

	TDL-C, 2Rx
	0.5 dB
	0.5 dB

	TDL-A, 4 Rx
	0.5 dB
	0.5 dB

	TDL-A, 2 Rx
	0.6 dB
	0.5 dB



Observation 2: Reducing the DCI size from 40 to 30 bits (without CRC) may bring 0.4~0.6 dB performance gain for AL=8,16. 
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Figure 4: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 4 Rx.
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Figure 5: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 2 Rx.
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Figure 6: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-A channel with 4 Rx.
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Figure 7: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-A channel with 2 Rx.
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