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Introduction
The main open issues on DL control design aspects for URLLC are on PDCCH monitoring for a UE that supports both MBB and URLLC and on residual aspects on the DCI format design. 

This contribution considers remaining issues on the DL control signaling design for URLLC. 


PDCCH for URLLC
DCI Formats
It was agreed to introduce new DCI formats for UL scheduling and DL scheduling – they are subsequently referred to as DCI format 0_2 and DCI format 1_2, respectively. 

Table 1 and Table 2 list the fields of DCI format 0_2 and DCI format 1_2. Comments are included for the configurability of fields. New fields relative to Rel-15 non-fallback DCI formats (DCI formats 0_1 and 1_1) are not considered as their necessity needs to first be established.

Table 1: DCI format 0_2
	Field 
	Number of Bits - Comments

	DCI format identifier flag
	1 bit

	Carrier indicator
	Configurable from 0 to 3. Even though CA is not meaningful for URLLC, cross-carrier scheduling should be supported as in Rel-15 (e.g. for a UE with both MBB and URLLC services). 

	UL/SUL indicator
	0 or 1 - as in Rel-15

	BWP indicator
	Configurable from 0 to 2 as in Rel-15 

	FDRA (resource allocation type 1)
	Configurable based configurable RBG granularity (agreed in RAN1#98)

	TDRA
	Configurable from 0 to 4 - as in Rel-15 (agreed in RAN1#97 for the DL)

	Frequency hopping flag
	Configurable (0 or 1). For typical URLLC applications of small TBS and low BLER, FH is expected to always be used in practice.

	Modulation and coding scheme 
	Configurable from 3 to 5. No need to always support QAM64 and possibly QAM16 for low TBS/BLER. No functional specification impact (higher entries of MCS table are not addressable if the field has less than 5 bits)

	New data indicator
	1 bit (agreed in RAN1#96bis)

	Redundancy version
	Configurable: 0, 1, or 2.. No IR gain for small TBS and low code rates since difference between systematic bits and parity bits in different RVs is marginal. No functional specification impact.

	HARQ process number 
	Configurable from 2 to 4 (agreed in RAN1#98) – Support for 0 bit or 1 bit is FFS – 0 bit or 1 bit should also be supported (no specification impact)

	TPC command for PUSCH 
	Configurable: 0 (gNB may have no information to adjust PUSCH transmission power) or 2
May be replaced by the field indicating the open loop parameter set

	SRS resource indicator
	Configurable: from 0 to 4 - as in Rel-15

	Precoding information and number of layers
	Configurable: from 0 to 4 - as in Rel-15

	Antenna ports
	Configurable: from 0 to 5 - No functional specification impact

	SRS request
	Configurable: from 0 to 3 - No functional specification impact

	CSI request
	Configurable: from 0 to 6 - as in Rel-15 

	Downlink assignment index 
	2 (no CBG support  no need for 4 bits, TBD for 1 bit) 

	CBG transmission information (CBGTI)
	Not supported (agreed in RAN1#96bis)

	PTRS-DMRS association
	Configurable: 0 or 2 - as in Rel-15

	beta_offset indicator
	Configurable: 0 or 2 - as in Rel-15

	DMRS sequence initialization
	Configurable: 0 or 1 - as in Rel-15

	UL-SCH indicator
	1, fixed as in Rel-15 




Table 2: DCI format 1_2
	Field 
	Number of Bits - Comments

	DCI format identifier flag
	1 bit

	Carrier indicator
	Configurable from 0 to 3. Even though CA is not meaningful for URLLD, cross-carrier scheduling should be supported as in Rel-15 (e.g. for a UE with both MBB and URLLC services). No functional specification impact.

	BWP indicator
	Configurable from 0 to 2 - as in Rel-15 – may also not support this field

	FDRA (resource allocation type 1)
	Configurable based configurable RBG granularity (agreed in RAN1#98)

	TDRA
	Configurable from 0 to 4 - as in Rel-15 (agreed in RAN1#97)

	VRB-to-PRB mapping
	Configurable from 0 to 1 - as in Rel-15

	PRB bundling size indicator
	Configurable: 0 or 1 - as in Rel-15 (agreed in RAN1#96bis)

	Rate matching indicator
	Configurable: 0, 1, or 2 - as in Rel-15 (agreed in RAN1#96bis)

	ZP CSI-RS trigger
	Configurable: 0, 1, or 2 - as in Rel-15 (agreed in RAN1#96bis)

	Modulation and coding scheme 
	Configurable from 3 to 5. No need to always support QAM64 and possibly QAM16. No functional specification impact (higher entries of MCS table are not addressable if the field has less than 5 bits)

	New data indicator
	1 bit (agreed in RAN1#96bis)

	Redundancy version
	Configurable: 0, 1, or 2. No IR gain for small TBS and low code rates since difference between systematic bits and parity bits in different RVs is marginal. No functional specification impact.

	HARQ process number 
	Configurable from 2 to 4 (agreed in RAN1#98) – 0 or 1 should also be supported (no specification impact)

	Downlink Assignment Index 
	Configurable (0 or 2). Codebook-based HARQ-ACK may not be configured - UE can operate as in Rel-15 prior to codebook configuration. 

	TPC command for PUCCH 
	Configurable: 0 (gNB may have no information to adjust PUCCH power with a TPC command) or 2
Similar to PUSCH, consider indicating open-loop parameter set

	PUCCH resource indicator
	Configurable from 0 to 3 (single RRC configured resource in case of 0)

	PDSCH-to-HARQ feedback timing indicator
	Configurable from 0 to 3 (single RRC configured timing in case of 0)

	Antenna ports
	Configurable from 0 to 6 - as in Rel-15

	Transmission configuration indication
	Configurable from 0 to 3. No functional specification impact

	SRS request
	Configurable from 0 to 3. No functional specification impact

	CBG transmission information (CBGTI)
	Not supported (agreed in RAN1#96bis)

	CBG flushing out information (CBGFI)
	Not supported (agreed in RAN1#96bis)

	DMRS sequence initialization
	Configurable: 0 or 1. No functional specification impact




Additional comments:
a) BWP indicator: Considering that the primary use of BWPs is UE power savings for FTP-type traffic and further considering the delay associated with BWP switching, there is no apparent need to support dynamic BWP indication for typical URLLC services. However, as this feature is optional for Rel-15 UEs and as the network can configure the number of bits to be 0 (i.e. no BWP indicator in the DCI formats), the Rel-15 configuration can be followed (support for dynamic BWP switching can remain an optional UE feature in Rel-16 URLLC).
b) TDRA: One remaining issue is whether the start/end of the CORESET is the reference point or the start of the slot as in Rel-15. It is inefficient and possibly problematic for URLLC to use the first slot symbol as reference for the TDRA – the start or end of the CORESET scheduling is preferable. If needed, the gNB can avoid scheduling across the slot boundary. 
c) Frequency hopping flag and VRB-to-PRB mapping: Dynamic change between “distributed” and “localized” mapping is not needed for most URLLC applications as TBs are small and reception needs to be robust to measurement/quantization/reporting errors. Although frequency diverse transmissions are expected to be scheduled for URLLC, the configuration of 1 bit in the DCI format for FH flag or for VRB-to-PRB mapping can remain as in the non-fallback DCI formats in Rel-15. 
d) TPC command: Due to the sporadic nature of URLLC transmissions, there is typically nothing for a gNB to regularly receive in order to track channel fading. Further, since open loop power adjustments were agreed, there is no reason for TPC commands in general. Note that for similar reasons, there are no TPC commands in V2X.
e) MCS: The majority of URLLC applications considered in Rel-16 require low BLER for relatively small TBS. Always dimensioning the MCS field to indicate all Rel-15 MCS values (including the highest ones) will be useless for most URLLC applications. The MCS field size should be configurable to M bits addressing the first 2^M entries of the Rel-15 MCS table. 
f) HARQ process number: Configuration for 0 bit or 1 bit is FFS. No reason to exclude those values especially since latency requirements for several URLLC services do not allow for more than one retransmission at least for the lower SCS values.  
g) RV: There is no gain from full IR (4 RVs) over partial IR (2 RVs) or chase combining for small TBS and very low code rates as there is little difference between systematic bits or parity bits in retransmissions. Chase combining also allows for simpler UE implementation due to reduced buffer size.
h) Fields for HARQ-ACK: Same configurability as for DCI formats 0_1 and 1_1 in Rel-15. No need to consider multiplexing for MBB HARQ-ACK and URLLC HARQ-ACK in Rel-16. Interpretation of HARQ-ACK timing indicator should be further discussed for operation with flexible duplex (TDD bands). 
i) Remaining fields: All other fields from DCI formats 0_1 and 1_1 should remain as in Rel-15 to support the corresponding functionalities that can be configurable. 


It is preferable to maintain the limit of 3 unicast DCI formats per slot for a UE supporting both MBB and URLLC. There are two options:
a) The size of DCI formats 0_2 and 1_2 is configured to be same as for DCI formats 0_0/1_0, or as for DCI format 0_1, or as for DCI format 1_1 (handling of the DCI format size in CSS and USS can be same as for DCI formats 0_0 and 1_0 in Rel-15) – differentiation can be by RNTI (e.g. as in Rel-15 using MCS-C-RNTI).
b) To avoid the size increase for DCI formats 0_2 and 1_2, the size of DCI formats 0_1 and 1_1 can be configured to be same. This may involve some scheduling restrictions. 

Either option can be either be left to the gNB implementation or there can be support to align the sizes of DCI formats 0_1 and 1_1 by padding.  

Observation 1: The limit of 3 unicast DCI formats can be maintained for a UE supporting MBB and URLLC. 
 

UE Capability for PDCCH monitoring 
Regarding the PDCCH monitoring, the following was agreed in RAN1#98.

Agreements:
Support (2, 2) (4, 3) (7, 3) defined in UE feature 3-5b as the combination (X, Y) for Rel-16 PDCCH monitoring capability on the per-CC limit on the maximum number of non-overlapping CCEs   for URLLC.    
· Combination (2, 1) (4, 1) (4, 2) (7, 1) (7, 2) are not additionally introduced
· FFS (3, 3) or (3,2) 
· UE reports the supported combinations per SCS 
· (2, 2) (4, 3) (7, 3) applicable for 15 kHz and 30 kHz
· FFS for 60 kHz and 120 kHz

For the first FFS of the agreement, a (3, 3) or a (3, 2) combination offer marginal additional flexibility over a (2, 2) or a (4, 3) and need not be further considered. For the second FFS of the agreement, slot-based periodicity is sufficient for 120 kHz while it safer to allow the (7, 3) combination for 60 kHz and it does not increase UE complexity (it can also be considered to remove the (2, 2) combination for 30 kHz).

Proposal 1: Define a number of non-overlapping CCEs for the (7, 3) span combination for 60 kHz.


In addition, the following was agreed in RAN1#98 for determining the number of non-overlapped CCEs that the UE is expected to monitor over a PDCCH MO.

	Agreements:
If UE reports the support of more than one combination of C(X, Y) for a given SCS, and if multiple combinations of C(X, Y) are valid for the span pattern, the maximum value of C of the valid combinations is applied.  
· A combination C(X, Y) is valid if the span pattern satisfies X and Y of the given combination in every slot, including cross slot boundary
· FFS the impact from empty span(s) on the span pattern 



First, regarding the FFS aspect for empty span(s) of a span pattern for a PDCCH monitoring configuration, no further agreement is needed as it would increase UE and specifications complexity for no practical benefit. This also relates to how the PDCCH monitoring capability is determined as it is subsequently discussed.  

The above agreement also has several undefined terms such as “combination” and “satisfies X and Y”. A clarification, together with a simplification of FG 3-5b for Rel-16 URLLC are considered. FG 3-5b can be simplified as follows. It is noted that for the agreed span combinations for URLLC, the value of Y is not relevant. 

	FG 3-5b (simplified for URLLC): A span is a number of symbols between two PDCCH MOs with non-overlapping symbols. A PDCCH monitoring configuration meets the UE capability limitation when there is a subset of   values, from a UE reported set of  values, that are smaller than or equal to the separation (in number of symbols) between any two spans, including the cross-slot boundary.



Then, in conjunction with the above, the agreement from RAN1#98 can be incorporated as follows. 

	FG 3-5b (simplified for URLLC and amended): A span is a number of symbols between two PDCCH MOs with non-overlapping symbols. A PDCCH monitoring configuration meets the UE capability limitation when there is a subset of   values, from a UE reported set of  values, that are smaller than or equal to the separation (in number of symbols) between any two spans, including the cross-slot boundary. The set of  values is associated with a set of numbers of non-overlapping CCEs. When the subset of  values includes more than one  value, the UE monitors the largest number of non-overlapping CCEs from the subset of numbers of non-overlapping CCEs associated with the subset of  values.  



Proposal 2: Clarify the agreement from RAN1#98 that the UE monitors the largest number of non-overlapping CCEs associated with X values that are smaller than any span for a PDCCH monitoring configuration.


Regarding the PDCCH monitoring for a UE supporting eMBB and URLLC, the following two options were identified in RAN1#98. 

	Agreements:
For a Rel-16 UE supporting enhanced PDCCH monitoring capability, down-select between option 1 and option 2: 
· Option 1: PDCCH monitoring based on Rel-15 capability for eMBB and PDCCH monitoring based on Rel-16 capability for URLLC can be configured to a UE on the same carrier
· UE monitors PDCCH for eMBB following reported Rel-15 capability, and monitors PDCCH for URLLC following reported Rel-16 capability 
· For Rel-16 PDCCH monitoring capability, the limit C on the maximum number of non-overlapping CCEs for channel estimation per PDCCH monitoring span is the same across different spans within a slot. Each span for Rel-16 PDCCH only cover USS for URLLC (FFS for CSS)
· Option 2: PDCCH monitoring for both eMBB and URLLC can be configured based on either Rel-15 capability or Rel-16 capability
· gNB configures which capability is used 
· For Rel-16 PDCCH monitoring capability,
· The limit C on the maximum number of non-overlapping CCEs for channel estimation per PDCCH monitoring span is the same across different spans within a slot, each span can cover CSS and/or USS  
· Note: the value C is to be separately discussed



The main issue is whether a UE capability for PDCCH monitoring is partitioned between eMBB and URLLC (Option 1) or is shared between eMBB and URLLC (Option 2). 

From a specification perspective, Option 1 is simple in that eMBB operation remains as in Rel-15 while URLLC is an add-on and treated separately. One issue with directly comparing Option 1 and Option 2 is that they are not equivalent in terms of UE hardware requirements or CA capabilities. 
· Option 1 requires the UE to monitor PDCCH with e.g. 44 PDCCH candidates per slot for MBB and with MURLLC PDCCH candidates per X symbols for URLLC. The PDCCH candidates and non-overlapping CCEs for eMBB and for URLLC can be identified as for cross-carrier scheduling – i.e. by search space sets. Therefore, the UE has an increased PDCCH monitoring capability to support both eMBB and URLLC. This additional capability can come at the expense of one less cell for CA capability (assuming URLLC only on one cell).
· Option 2 requires MURLLC PDCCH candidates per X symbols (with the exception of (X, Y) = (2, 2), MURLLC can be 44). This will result to a reduced number of PDCCH candidates for eMBB as some of the PDCCH candidates will need to be used for URLLC (no increase per span of the Rel-15 limits). This holds even if the DCI formats for URLLC have same size as the DCI formats for eMBB since the CCE aggregation levels will typically need to be different. Therefore, Option 2 may run out of non-overlapping CCEs for scheduling eMBB. 

In summary, Option 1 results to a reduced CA capability for a UE but avoids an impact on eMBB operation, especially on the PCell where search set dropping occurs. Option 2 can maintain the Rel-15 limits but can create scheduling restrictions for eMBB. Nevertheless, a gNB may provide ‘nesting’ of the PDCCH candidates for eMBB and URLLC (e.g. use same CORESET(s) where the total number of CCEs per CORESET is roughly equal to the number of non-overlapping CCEs for the URLLC PDCCH candidates) and circumvent the limitation in non-overlapping CCEs at a given PDCCH MO (the number of PDCCH candidates is much less of a problem).     
 
Observation 2: Option 1 provides better scheduling support for eMBB than Option 2 if a reduction by one cell in the CA capability of the UE is acceptable.

Observation 3: Option 2 is likely to require restrictions for a gNB in configuring search space sets in order to mitigate scheduling restrictions on eMBB or have scheduling restrictions on eMBB.  


Table 1 provides suggested values for a number of non-overlapping CCEs corresponding to a value of X. In case of Option 1 for PDCCH monitoring, the number of PDCCH candidates can be as in Rel-15 regardless of the value of X.

Table 1: Maximum number of non-overlapping CCEs as a function of the span duration and the SCS.
	　
	X
	Y
	Maximum number of non-overlapped CCEs per span

	
	
	
	=0
	=1
	=2
	=3

	Case 1
	2
	2
	48
	48
	N/A
	N/A

	Case 2
	4
	3
	56
	56
	N/A
	N/A

	Case 3
	7
	3
	56
	56
	48
	N/A

	Rel-15 reference (per slot)
	56
	56
	48
	32




Finally, the Rel-15 search space set dropping rules are sufficient as the gNB scheduler can assign a lower index to search space set(s) that a UE will prioritize for PDCCH monitoring (i.e. search space set(s) for URLLC can have a lower index).

Observation 4: The Rel-15 search space set dropping rules suffice.  


Conclusions
This contribution considered aspects related to DL control signaling for Rel-16 URLLC and proposes the following.

Proposal 1: Define a number of non-overlapping CCEs for the (7, 3) span combination for 60 kHz.

Proposal 2: Clarify the agreement from RAN1#98 that the UE monitors the largest number of non-overlapping CCEs associated with X values that are smaller than any span for a PDCCH monitoring configuration.


In addition, the following observation is made.

Observation 1: The limit of 3 unicast DCI formats can be maintained for a UE supporting MBB and URLLC. 

Observation 2: Option 1 provides better scheduling support for eMBB than Option 2 if an increase in PDCCH monitoring capability per slot and per cell over the Rel-15 one can be supported.

Observation 3: Option 2 is likely to require restrictions for a gNB in configuring search space sets in order to mitigate scheduling restrictions on eMBB if an increase in PDCCH monitoring capability per slot and per cell over the Rel-15 one cannot be supported.  

Observation 4: The Rel-15 search space set dropping rules suffice.  
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