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Introduction
In RANP #83, a new work item on physical layer enhancements for NR URLLC is approved [1]. One of the objectives of this work item is to enhance the PDCCH design for URLLC as follows:
· Specification of PDCCH enhancements [RAN1]
· DCI format(s) with configurable sizes for some fields, with a minimum DCI size targeting a reduction of 10~16 bits relative to Rel-15 DCI format 0_0/1_0 and a maximum DCI size that can be larger than Rel-15 DCI format 0_0/1_0, and provide the possibility to align with the size of the DCI format 0_0/1_0 (including possible zero padding if any) 
· Increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for at least one SCS subject to restrictions including, but not necessary limited to, those identified in TR 38.824. Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) can be further considered.

Regarding the abovementioned enhancements, during the SI phase, RAN1 reached the following agreements in meeting AH1901 and 96:
Agreements:
· For the DCI format scheduling Rel-16 NR URLLC:
· Support potential reduction of the number of bits for at least one of the following fields compared to Rel-15 DCI 
· Frequency domain resource assignment
· Time domain resource assignment
· Modulation and coding scheme
· HARQ process number
· Redundancy version 
· PUCCH resource indicator
· PDSCH-to-HARQ_feedback timing indicator
· Downlink assignment index
· Note: Reduction of other fields are not precluded 
· Note: The DCI format may be impacted by other objectives in this study item and/or the following work item, e.g. PDCCH repetition mechanism and/or UCI enhancement, or may be impacted by objectives in other study item and/or work item, e.g. multi-TRP transmission from Rel-16 work item.   



Agreements:
· Support increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for Rel-16 NR URLLC for at least one SCS subject to the following restrictions:
· Explicit limitation on the maximum number of BDs/non-overlapping CCEs per monitoring occasion and/or per monitoring span, and
· The set of applicable SCS(s) to be finalized during the WI phase
· Additional restrictions (e.g., impact # of CCs if any, potential limitations on PDSCH/PUSCH processing, impact of wideband RS for CCE counting if any, etc.) can be considered during the WI phase 

Agreements:
· Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC can be further considered in work item phase.

Agreements:
· For the DCI format(s) (may or may not be new format, to be finalized in the WI phase) scheduling Rel-16 NR URLLC” 
· Support configurable sizes for some fields, while  
· The maximum DCI size can be larger than Rel-15 fallback DCI
· The minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI
· Provide the possibility to align with the size of the Rel-15 fallback DCI (including possible zero padding if any)
· Support at least one of the following configurable fields – the set of configurable field(s) including bitwidth to be finalized during the WI phase (which may further depend on DL vs. UL assignments):
· Antenna port(s) [0~2 bits]
· Transmission configuration indication [0~3 bits]
· Rate matching indicator [0~2 bits]
· SRS request [0~3 bits] 
· PRB bundling size indicator [0~1 bit]
· Carrier indicator [0~3 bits]
· CSI request [0~3 bit]
· ZP CSI-RS triggering [0~2 bits] 
· Beta offset indicator [0~2 bits]
· SRS resource indicator [0~4 bits]
· Repetition factor [0~2 bits]
· Priority indication [0~3 bits]
· Note: Other field(s) can be considered if needed 
· Note: This doesn’t imply the necessity to increase the DCI size budget (i.e. “3 +1”) compared to Rel-15

In this paper, we share our views on the following aspects for improving PDCCH reliability and efficiency for URLLC:
· New DCI design for eURLLC including the possible size of information fields and the addition of the new fields.
· Possible restrictions for increasing the number of non-overlapping CCEs per slot
New DCI for eURLLC Scheduling 
In this section, we share our view on the design of the DCI format for eURLLC scheduling.
eURLLC DL scheduling DCI
The following fields in the Rel-15 DL fallback DCI may either be resized or removed for DL eURLLC scheduling:
· Frequency domain resource allocation
The frequency domain resource allocation field is a major contributor to the size of the Rel-15 fallback DCI. For example, for type 1 resource allocation, an RB level scheduling granularity is used, enabling a maximum scheduling granularity. For eURLLC, however, this flexibility may not be needed. Indeed, eURLLC traffic may be scheduled with low coding rate, and large bandwidth to ensure the high reliability and low latency, and a coarser (e.g., RBG level) granularity suffices to meet these targets.  As a rule of thumb, for a given bandwidth, the DCI size reduction achieved by using RBG with size  is  bits.
For eURLLC scheduling, resource allocation Type 0 may not be needed. This is because, with the same RB bundle size, Type 1 allocation may consume less signaling overhead compared w/  type 0 allocation. Furthermore, with interleaved VRB-to-PRB mapping, the Type 1 resource allocation may also enjoy the frequency diversity offered by the Type 0 resource allocation scheduling. 
· Time domain resource allocation
For URLLC scheduling DCI, the time-domain PDSCH/PUSCH resource allocation field may be interpreted differently from that of the Rel-15 fallback DCI. Given the difference in the traffic type between URLLC and eMBB, it may be beneficial to configure a separate time-domain resource allocation table for eURLLC. The size of the TDRA field in the eURLLC DCI could naturally depend on the number of entries in the URLLC TDRA table. 
In Rel-15, the starting symbol of PDSCH transmission is determined with a reference to a slot. Thus, for a same PDSCH duration, different SLIVs will be needed to schedule PDSCHs that start at different symbols in the slot. For example, to enable multiple 2-symbol PDSCH receptions within one slot, gNB may need to configure 7 different SLIVs (with different starting OFDM symbol but same length). This can be very inefficient. A more effective approach is to change the reference point of the SLIV. For example, the starting symbol could be determined with reference to a sub-slot, instead of the a slot. The reference point of the starting symbol could also be associated with the PDCCH monitoring occasion (e.g., with respect to the starting symbol of the PDCCH monitoring occasion in which the DL grant is received).  
· HARQ process number 
Due to the stringent latency requirement, a TB for URLLC may need to be transmitted within a very short time. As a result, at a given time, the total number of HARQ processes required to transmit URLLC packets may be smaller compared with the eMBB operation. To this end, a subset of HARQ processes may be shared among URLLC and eMBB traffics. 
· VRB-to-PRB mapping
The VRB-to-PRB mapping field could be removed in the DL eURLLC DCI. Furthermore, whether the PDSCH is     transmitted with interleaved or non-interleaved VRB-to-PRB mapping could be semi-statically configured by the gNB. 

The following fields in the fallback DCI may also be redesigned. However, these fields may be impacted by the design of other functionalities/features that is under discussion for Rel-16 eURLLC. Therefore, it is reasonable to leave the design of these fields open for the moment, and revisit them after the design of the corresponding features is finalized. 
· HARQ timing indicator
· PUCCH resource index
· Downlink Assignment Index

The following fields could be reused in the Rel-16 eURLLC DL DCI without change from the Rel-15 DL fallback DCI:
· UL/DL identifier for DCI format
· Modulation and coding scheme (MCS)
· New data indicator (NDI)
· Redundancy version (RV)
· TPC command for PUCCH

Besides the fields that are present in the Rel-15 fallback DCI, the following fields may be added to the eURLLC DL scheduling DCI to ensure scheduling flexibility or to enable enhanced functionalities. 
· 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 Rel-16 eURLLC 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, and to leave it configurable by the gNB.  

· 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, it may be beneficial to include the rate-matching indicator field in the eURLLC DL DCI.

· Antenna port indicator
For applications such as AR/VR, the downlink traffic may be quite heavy. To increase the throughput, it is desirable to enable MIMO transmission and reception, and to allow the base station to schedule MU-MIMO communication. To enable this feature, the eURLLC DL DCI needs to contain an antenna port field, which indicates the DMRS ports as well as the number of layers for transmission. The bitwidth of the antenna port indicator field in the eURLLC DL DCI may be separately configured from that of the DCI format 1_1. In addition, we may restrict the maximum number of DL layers to be 4. In this case, only 1 TB is scheduled in each DL grant.  

· PRB bundling size indicator 
This field may be needed to enable sub-band precoding and to adapt the PRB bundle size based on the instantenous channel condition. 

· SRS request 
Accurate channel state information at the transmitter and receiver is of vital importance to eURLLC scheduling and transmission. Therefore, it is beneficial to allow the eURLLC DCI to trigger A-SRS transmission from the UE. 

· TCI state indicator 
The TCI state indicator may be needed for URLLC operation in the multi-TRP scenario. 

· Physical-layer priority indicator
For UEs that support services with different requirements, physical layer differentiation may be needed to let the UE be aware of the priority level of each of the physical layer channels. Therefore, a physical-layer priority indicator field may be included in both the uplink and downlink scheduling DCI. More details of the need for the PHY-layer differentiation can be found in [2]-[3].

The detailed design of the new DCI format for the downlink eURLLC scheduling is provided in Table 1.
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	DCI 
	Bitwidth in Rel-15 fallbak DCI
	Bitwidth in Rel-16 eURLLC DCI
	Description/Comments

	Header/Identifier for DCI format
	1
	1
	DL/UL

	Carrier indicator 
	0
	Configurable between 0~2 bits 
	Only carrier configured w/ URLLC is included in the CIF table

	Frequency-domain PDSCH resources
	Bandwidth dependent (e.g., 11 bits for 50 RB)
	Bandwidth and RBG size dependent
	Support Type 1 resource allocation with RBG bundling and configurable RBG size

	Time-domain PDSCH resources
	4
	Configurable 
	Support changing the reference point of the SLIV from a slot to a sub-slot  

	VRB-to-PRB mapping
	1
	0
	gNB may semi-statically configure the  VRB-to-PRB mapping pattern

	MCS 
	5
	5
	Unchanged from Rel-15 fallback DCI

	New data indicator
	1
	1
	

	Redundancy version
	2
	2
	

	TPC command for PUCCH 
	2
	2
	

	HARQ process number 
	4
	Configurable  
	

	Antenna port indicator
	0 
	Configurable
	The maximum number of layers for PDSCH may be reduced compared with eMBB. 

	Downlink Assignment Index 
	2
	Pending discussion on multiple HARQ-ack design
	The size of this field may depend on the outcome of multiple HARQ-Ack per slot design.

	PRI (PUCCH resource index)
	3 
	
	

	HARQ timing indicator
	3 
	
	· 

	Rate-matching indicator
	0
	Configurable between 0 and 1 bit
	To allow PDSCH rate match around the decoded PDCCH

	PRB bundling size indicator
	0
	Configurable between 0 or 1 bit
	To allow flexbile sub-band precoding in the DL

	SRS request
	0
	2
	To enable A-SRS trigger for accurate chanel state information acquisition. 

	TCI state
	0
	Configurable
	

	Physical-layer priority indicator
	0
	1
	To indicate the priority level of the scheduled transmission.
This field is only needed when sizes of eMBB/URLLC DCI are not aligned.



Proposal 1: NR Rel-16 supports a new DCI format scheduling DL eURLLC in NR Rel. 16 with at least the following modifications from NR Rel. 15 DCI format 1_0:
· the fields of FDRA, TDRA, HARQ process number could be compressed 
· the field of VRB-to-PRB mapping is removed
· the fields of carrier indicator, antenna port indicator, rate-matching indicator, PRB bundling size indicator, SRS request, TCI state, Physical-layer priority indicator could be included 

eURLLC UL scheduling DCI
The following fields can be designed in the same way as in the eURLLC DL DCI: 
· Frequency domain resource allocation
· HARQ process number
· Modulation and coding scheme (MCS)
· UL/DL identifier for DCI format
· New data indicator (NDI)
· Redundancy version (RV) 

The following field in the Rel-15 UL fallback DCI may be redesigned for UL eURLLC scheduling:
· Time domain resource allocation
It’s reasonable to leave this filed configurable by the gNB. However, the detailed design of the TDRA field in the eURLLC DCI may depend on the outcome of the PUSCH enhancement that is currently under discussion in RAN1.  
The following fields could be included in the Rel-16 eURLLC UL DCI without change from the Rel-15 UL fallback DCI:
· Frequency hopping indicator

In addition, we may add the following fields in the Rel-16 eURLLC UL DCI to enable enhanced functionality. 
· SRS resource indicator (SRI), TPMI, and antenna port indicator 
For uplink transmission, in order to support MIMO communication or to harvest the beamforming gain, it is necessary to indicate the UE the best precoding matrix for transmission. To this end, the SRI, TPMI, and antenna port indicator fields need to be included in the new DCI format for the uplink. However, the bitwidth of these fields may be different from those in the Rel-15 DCI format 0_1. For example, the maximum number of uplink MIMO layers may be configured separately from that of the eMBB transmission.   
· 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. 

· A-CSI trigger
To get the most up-to-date CSI for eURLLC scheduling, it may be beneficial to allow the eURLLC DCI to trigger A-CSI reporting on the eURLLC PUSCH. The bitwidth of this field may be separately configurable by the gNB from that of the DCI format 0_1. 

· Beta offset 
For eURLLC UL transmission, HARQ-ACK piggyback on PUSCH may be needed in case the HARQ-ack reporting on PUCCH collide with the PUSCH transmission. In this case, allowing the gNB to dynamically indicate the beta offset value may be beneficial to guarantee the reliability. 

· UL DAI
To enable HARQ-ACK piggyback on eURLLC PUSCH, while ensuring the reliability of both the HARQ-ACK and the UL-SCH transmission, it is critical for the UE and gNB to agree on the codebook size for the HARQ-ACK. To this end, the UL DAI field may need to be included in the UL eURLLC scheduling DCI. 






The detailed design of the new DCI format for the uplink scheduling is provided in Table 2.
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	DCI 
	Bitwidth in Rel-15 fallbak DCI
	Bitwidth in Rel-16 eURLLC DCI
	Description/Comments

	Header/Identifier for DCI format
	1
	1
	DL/UL

	Carrier indicator 
	0
	Configurable between 0~2 bits
	Same as DL

	Waveform indicator
	0
	1
	To enable dynamic waveform switching.

	Frequency-domain PUSCH resources
	Bandwidth dependent (e.g., 11 bits for 50 RB)
	Bandwidth and RBG size dependent
	Same as DL 

	Time-domain PUSCH resources
	4
	Configurable, upto 4 bits
	

	Frequency hopping indicator
	1
	1
	Unchanged from Rel-15 fallback DCI

	MCS 
	5
	5
	

	New data indicator
	1
	1
	

	Redundancy version
	2
	2
	

	HARQ process number 
	4
	2
	Same as DL  

	TPC command for PUSCH 
	2
	2
	Unchanged from Rel-15 fallback DCI

	SRI 
	0
	Configurable 
	

	TPMI
	0
	Configurable
	

	Antenna port 
	0
	Configurable
	

	DAI
	0
	1~2 
	Needed for HARQ-Ack piggyback on PUSCH. 1 bit for Type 1 codebook, 2 bits for Type 2 codebook.

	Beta-offset 
	0
	2
	Same bitwidth as in DCI 0_1 

	A-CSI request 
	0
	Configurable
	

	UL-SCH indicator 
	0
	1
	Same bitwidth as in DCI 0_1

	Physical-layer priority indicator
	0
	1
	Same as DL 



Proposal 2: NR Rel. 16 supports a new DCI format scheduling UL eURLLC with at least the following modifications from NR Rel. 15 DCI format 0_0:
· the fields of FDRA, TDRA, HARQ process number could be compressed 
· the fields of carrier indicator, waveform indicator, SRI, TPMI, antenna port indicator, UL DAI, beta-offset, A-CSI request, UL-SCH indicator, and physical-layer priority indicator could be included 

Enhancing the PDCCH Monitoring Capability
In this section, we present the methods to enhance the PDCCH monitoring capability for eURLLC. As was agreed in the SI phase, the number of non-overlapping CCEs per slot for channel estimation that a eURLLC UE needs to process may be increased to support more frequent PDCCH monitoring. To make sure that the increase of number of non-overlapping CCEs does not bring significant UE processing complexity, the following aspects may be considered: 
· First of all, the purpose of increasing the maximum number of non-overlapping CCEs per slot is to enable more frequent PDCCH monitoring per slot. As such, it is reasonable to distribute the (increased) total number of CCEs uniformly over the slot. For example, if the number of non-overlapping CCEs per slot is increased, UE shall not be expected to process all of them in the first three OFDM symbols of the slot. One reasonable way to achieve this goal is to limit the number of CCEs for each PDCCH monitoring span.  Furthermore, since multiple search spaces of different CORESETs could partially overlap, it may be beneficial in some cases to define the CCE limit on a per symbol basis. 
· Secondly, the CCE limit should be defined based on whether UE is of processing capability 1 or processing capability 2. It may also be defined based on the SCS of the DL scheduling carrier, and the number of PDCCH monitoring spans per slot.  
· In the case of carrier aggregation, the CCE limit may further depend on the number of CCs that are configured with the enhanced PDCCH monitoring capabilities. Furthermore, this number may be reported from the UE to the gNB as a UE capability.
· Increasing the number of non-overlapping CCEs will necessarily increase the processing time for decoding the UL/DL grant. As such, certain limitations may need to be placed on the scheduled PDSCH/PUSCH. For example, a reduced number of RBs, number of spatial layers, as well as the TBS may be considered for the scheduled PDSCH/PUSCH.

Based on the discussion above, we propose the following.
Proposal 3: To enable fast scheduling for eURLLC in Rel-16, the maximum number of non-overlapping CCEs for channel estimation may be increased with the following restrictions:
· The maximum number of non-overlapping CCEs for channel estimation should be defined per PDCCH monitoring span or per OFDM symbol
· The number of non-overlapping CCEs for channel estimation should also depend on the UE processing capacity, SCS, the number of PDCCH monitoring spans per slot, and the number of CCs configured with the enhanced PDCCH monitoring behavior 
· Limitations on the scheduled PDSCH and PUSCH can be considered, including but not limited to the number of RBs, number of layers, and TBS  
 
Conclusion
In this contribution, we have shared our view on the design of DCI format and enhanced PDCCH monitoring for eURLLC in Rel-16. To this end, we have made the following proposals.
Proposal 1: NR Rel-16 supports a new DCI format scheduling DL eURLLC in NR Rel. 16 with at least the following modifications from NR Rel. 15 DCI format 1_0:
· the fields of FDRA, TDRA, HARQ process number could be compressed 
· the field of VRB-to-PRB mapping is removed
the fields of carrier indicator, antenna port indicator, rate-matching indicator, PRB bundling size indicator, SRS request, TCI state, Physical-layer priority indicator could be included 

Proposal 2: NR Rel. 16 supports a new DCI format scheduling UL eURLLC with at least the following modifications from NR Rel. 15 DCI format 0_0:
· the fields of FDRA, TDRA, HARQ process number could be compressed 
the fields of carrier indicator, waveform indicator, SRI, TPMI, antenna port indicator, UL DAI, beta-offset, A-CSI request, UL-SCH indicator, and physical-layer priority indicator could be included 

Proposal 3: To enable fast scheduling for eURLLC in Rel-16, the maximum number of non-overlapping CCEs for channel estimation may be increased with the following restrictions:
· The maximum number of non-overlapping CCEs for channel estimation should be defined per PDCCH monitoring span or per OFDM symbol
· The number of non-overlapping CCEs for channel estimation should also depend on the UE processing capacity, SCS, the number of PDCCH monitoring spans per slot, and the number of CCs configured with the enhanced PDCCH monitoring behavior 
Limitations on the scheduled PDSCH and PUSCH can be considered, including but not limited to the number of RBs, number of layers, and TBS  
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