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Introduction
In RAN#83 plenary meeting, the eURLLC WI has been approved.  The objective of this WI is to specify enhancements to URLLC following the recommendations from the Rel-16 SI on physical Layer Enhancements for NR-URLLC Communication. 
Specifications for PDCCH enhancements were captured in the WID objectives and the following enhancements were listed:  
· 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.

In this contribution, we discuss our views on how to enhance PDCCH transmission to meet the URLLC requirements.
Compact DCI 
It was agreed in RAN1#AH1901 [1] and RAN1#96 [2] that enhancements to the Rel-15 DCI are needed for better PDCCH reliability. It was also mentioned above in the proposed scope of the RAN1 Rel-16 WI that a DCI format with minimum size targeting smaller DCI payload size than DCI format 0-0 and DCI format 1-0 should be specified. 
The following agreement has been made in RAN1#96 [2] regarding the DCI format scheduling Rel-16 NR URLLC:
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 bitwidths 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
Considering that the fallback DCI (DCI formats 0_0 and 1_0), relatively, has small payload size, it is logical to use it as starting point. Table 1 and Table 2 show the details of the fallback DCI fields based on the current specifications [3]
[bookmark: _Ref506566305]Table 1: Fallback DCI fields for scheduling PDSCH (DCI formats 1_0).
	Fallback DCI fields
	Bits

	Identifier for DCI formats
	1

	Frequency domain resource assignment
	9-16 ( ranges between 24 and 275)

	Time domain resource assignment
	4

	VRB-to-PRB mapping
	1

	Modulation and coding scheme 
	5

	New data indicator
	1

	Redundancy version
	2

	HARQ process number 
	4

	Downlink assignment index
	2

	TPC command for scheduled PUCCH
	2

	PUCCH resource indicator
	2

	PDSCH-to-HARQ feedback timing indicator
	3

	Payload size
	36-43

	CRC
	24

	Payload size including CRC
	60-67



[bookmark: _Ref510813493]Table 2: Fallback DCI fields for scheduling PUSCH (DCI format 0_0).
	Fallback DCI fields
	Bits

	Identifier for DCI formats
	1

	Frequency domain resource assignment
	9-16 (  ranges between 24 and 275) 

	Time domain resource assignment
	4

	Frequency hopping flag
	1

	Modulation and coding scheme
	5

	New data indicator
	1

	Redundancy version
	2

	HARQ process number
	4

	TPC command for scheduled PUSCH
	2

	UL/SUL indicator
	0/1

	Payload size
	29-37

	CRC
	24

	Payload size including CRC
	53-61



For URLLC, some of the fields can be fixed, truncated or made configurable: 
1. Fixed to predefined values or semi-statically signalled–We may not need too much flexibility for URLLC allocation, some fields therefore such as ‘VRB-to-PRB mapping’ can be semi-statically configured and completely removed from the DCI.
1. Retained as in fallback DCI – The fields “Identifier for DCI formats”, “New data indicator” and “TPC command for scheduled PUCCH” could be retained as in the fallback DCI.
1. Truncated – 
2. Frequency domain resource allocation (FD-RA): Since the URLLC resource allocations are spread in frequency domain than in time domain to reduce the latency, the FD-RA bits can be truncated (coarse allocation of frequency resources). More discussion on FD-RA in section 2.1.
2. Time domain resource allocation (TD-RA): In URLLC, it is expected that the gNB will schedule the UE with the earliest available resources. Thus, it is not expected that the network uses large values of K0 and K2 for time domain scheduling. Therefore, if some of the scheduling parameters (such as K0, K1, K2, PUSCH/PDSCH mapping types) are implicitly indicated to the UE, this reduces the size of the TD-RA RRC configured table and therefore the number of bits in the DCI (to signal one row in the table) could be reduced. More discussion on TD-RA in section 2.2.
1. Some fields could be made configurable as per the RAN1#96 agreement like the Antenna ports bitfield. Some other fields could be made subcarrier spacing (SCS) dependent – Some of the compact DCI fields can be made SCS dependent due to their inherent dependency on possible number of transmissions within the latency constraint. 

0. FD-RA field
Given that FD-RA Type 1 requires fewer bits to indicate the RBs assignment (compared to Type 0), it should be used for the compact DCI. The granularity used for Type 1 is 1 RB, resulting in the number of bits for the FD-RA field given by

where N is the number of RBs in the BWP. Assuming N ranges between 24 and 275 RBs, the number of bits for the FD-RA field will range between 9 and 16 bits. To reduce the number of bits for the FD-RA field, the granularity for Type 1 FD-RA can be reduced. To this end, the allocation granularity can be fixed and the FD-RA field size will depend on the number of RBs (N). Table 3 shows an example of the required number of FD-RA bits where the granularity is 6 RBs. The drawback of this method is that the DCI size will change based on the number of RBs, which may impact the PDCCH reliability.
[bookmark: _Ref510811549]Table 3: FD-RA field size for 6 RBs granularity.
	#RBs (N)
	min
	7
	13
	19
	31
	43
	61
	91
	133
	187
	265

	
	max
	12
	18
	30
	42
	60
	90
	132
	186
	264
	275

	FD-RA bits
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11


Another alternative is to fix the number of FD-RA bits and change the step size based on the number of RBs (N). Table 4 and Table 5 show an example of the FD-RA granularity when the FD-RA field size is fixed to 9 and 8 bits, respectively. As it can be noticed from the tables below, reducing the FD-RA field size by 1 bit can reduce the FD-RA granularity considerably for large number of RBs.
[bookmark: _Ref510811591]Table 4: FD-RA granularity for 9 bits field size.
	#RBs (N)
	min
	<32
	32
	63
	94
	125
	156
	187
	218
	249

	
	max
	
	62
	93
	124
	155
	186
	217
	248
	275

	granularity
	1
	2
	3
	4
	5
	6
	7
	8
	9


[bookmark: _Ref510811595]Table 5: FD-RA granularity for 8 bits field size.
	#RBs (N)
	min
	<23
	23
	45
	67
	89
	111
	133
	155
	177
	199
	221
	243
	265

	
	max
	
	44
	66
	88
	110
	132
	154
	176
	198
	220
	242
	264
	275

	granularity
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13


Reducing granularity of the FD-RA will have an impact on the scheduling flexibility and the system spectral efficiency. Spectral efficiency loss can occur when the gNB allocates RBs more than what is needed for the transmission due to the coarse resource allocation granularity. Thus, very coarse resource allocation granularity should be avoided.
Proposal 1: Use frequency domain resource allocation Type 1 for compact DCI.
Proposal 2: The FD-RA field size in the compact DCI should be reduced compared to fall-back DCI.
Proposal 3: Use a fixed number of bits for the frequency domain resource allocation field in the compact DCI.
0. TD-RA field
For smaller SCS, due to latency constraints, there are few opportunities for retransmissions and hence to give more flexibility for the scheduler it is desirable to have finer time domain allocation (hence more bits for smaller SCS). On contrary, for higher SCS, since more transmission opportunities are available we can reduce the number of bits as the scheduler has flexibility to transmit data over retransmissions. This is applicable to both DCI scheduling DL data and UL data.
In addition, some of the scheduling parameters that are indicated via the time-domain resource assignment field can be implicitly indicated to the UE to reduce the number of bits in the compact DCI. Due to the latency requirement in URLLC, it is expected that the gNB schedules the UE with the earliest available resources. Hence, for UL transmission, K2 is more likely to be 0 or 1, and higher values of K2 may not be practical for URLLC applications. Thus, the value of K2 can be implicitly indicated to the UE. One way to implicitly indicate K2 is as follows:
· If the SLIV in the UL grant points to resources that start after the PDCCH (that allocated the UL resources) combined with N2, then it is implicitly indicated that K2 equals 0.
·  On the other hand, if the SLIV in the UL grant points to resources that start before the PDCCH (that allocated the UL resources) combined with N2, then it is implicitly indicated that K2 equals 1. Similar approaches can be adopted for implicitly indicating K0 as well.
This allows for an effective usage of the SLIV bit field which is not very well used if the PDCCH scheduling occasion is towards the end of the slot. This also allows for a 14 OS scheduling window in the future without using K0/K2 and regardless of the position of the PDCCH scheduling the transmission.
[image: ]
Proposal 4: For compact DCI, some of the scheduling parameters (e.g. K0, K1, and K2) are implicitly indicated to the UE.
For UEs that support multiple service simultaneously (e.g. eMBB and URLLC), it may not be possible to have a single time domain resource allocation (TD-RA) table (pusch-symbolAllocation and pdsch-symbolAllocation) that is suitable for different services’ requirements because the current Rel-15 TD-RA framework is not sufficient for high-latency services. For example, for eMBB, the gNB may configure the UE with TD-RA table that has parameters (K0/K2, SLIV and mapping types) with values suitable for eMBB traffic but not for URLLC. Therefore, the UE could be configured by RRC with more than one TD-RA table and one table is activated semi-statically (e.g., by another RRC parameter). 
Another possibility is to configure the UE with more than one TD-RA table and more than one TD-RA table can be activated dynamically for different transmissions. One table can be activated for URLLC-type service while another table is activated for eMBB-type service. The identification of the TD-RA table can be achieved explicitly or implicitly (different RNTI, different search space/CORESET, different DCI format/payload size).
Also, for compact DCI, the TD-RA table may have less entries compared to the table for other scheduling DCI formats to reduce the TD-RA field size.
Proposal 5: The UE is configured with separate TD-RA table for compact DCI.
It is obviously desirable for the purpose of compact DCI to use a scheduling DCI for URLLC with small TD-RA bit field size. But on the other hand, URLLC-only UEs need more than 16 semi-statically configured TD-RA options to achieve low-latency requirements (16 combinations provide insufficient granularity in time-domain, e.g., considering different combinations of 1st symbol + duration). Multiple possible enhancements to the TD-RA framework could be explored to resolve this issue. 
Changing the reference point for the start indication of URLLC is one potential option. The starting symbol position in a TD-RA configuration is configured and/or interpreted by UE based on a reference point. Current NR TD-RA design uses slot boundaries as reference point. This is insufficient for strict latency requirements. One possibility is to use half-slot boundary instead of slot boundary. Also, the first or the last symbol of a configured CORESET can define a reference point. This will allow to reduce the size of the required TD-RA table. 
Proposal 6: To reduce the size of the TD-RA table use the first or the last symbol of a configured CORESET as the time reference.
If we target good reduction in DCI size, completely removing the TD-RA bit-field from the DCI to have a more compact DCI is also a tangible option. Or alternatively, this bit field could be defined with configurable size as for Rel-15 DCI DCI formats 1_1 and 0_1. 
If the TD-RA bit-field is to be removed from the DCI, the dynamic scheduling grant is configured without a TD-RA information field and the missing information is provided by other means (e.g., a reference window, or some reference ‘point(s)’ in time-domain : E.g. Data scheduled back to back after the CORESET)
To improve the URLLC latency, support of TD-RA crossing slot boundaries should also be supported. At least, TD-RA across slot boundary should be allowed when the additionally incurred delay without across-slot-boundary assignment is greater than a threshold T parameter where delays larger than T could highly impact the overall latency. 
Enhancements for PDCCH monitoring
Increase of CCEs/BDs
In this section, we will provide some latency analysis for different numerologies using the parameters given in Table 7. In this analysis, we compare the CDF of latency for different PDCCH monitoring configuration periodicities. The aim is to determine the number of required PDCCH monitoring occasions to meet the URLLC latency requirement. 
Based on the number of required PDCCH monitoring occasions and assuming at least the support of two non-overlapping PDCCH candidates of AL16 per occasion, the number of required CCEs is derived. The assumption of two non-overlapping PDCCH candidates of AL16 per occasion is needed to allow for low blockage probability.
Figure 1 and Figure 2 show the CDF of the latency for a single shot transmission for SCS = 15 kHz and SCS = 30 kHz. Various PDCCH monitoring periodicities are evaluated to determine the periodicity needed to meet the latency requirement. 
For example for SCS = 15 kHz and with a single shot transmission, PDCCH monitoring configuration with 4 OS periodicity is needed to meet the 1ms latency required, which is equivalent to at least 3 PDCCH monitoring occasions configured. 
	[image: ]
[bookmark: _Ref5031366]Figure 1: SCS =15 kHz 
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[bookmark: _Ref5031379]Figure 2: SCS =30 kHz 


Table 6 shows the number of CCEs required to meet the 1ms latency target while accommodating two non-overlapping AL16 candidates or only one AL16 candidate per each monitoring occasion.
 The Table shows that 96 CCEs and 32 CCES are required respectively for SCS = 15 kHz and 30 kHz with two non-overlapping AL16 candidates per occasion. 
 As a result, we can deduce that the number of CCEs need to be increased for 15 kHz to 96 CCEs instead of 56 CCEs in Rel-15 and the number of CCEs could be maintained the same for the remaining numerologies. 
	
	Monitoring occasions
	CCEs required
(2xAL16)
	CCEs required
(1xAL16)
	Rel-15

	SCS=15kHz
	3
	96
	48
	56

	SCS=30kHz 
	1
	32
	16
	56


[bookmark: _Ref5031426]Table 6 : CCEs required assuming two non-overlapping AL16 candidates per monitoring occasion
Proposal 7: Increase the number of CCEs to 96 for SCS = 15 kHz and keep the same Rel-15 numbers for the remaining numerologies.
[bookmark: _GoBack]Also, for SCS = 30kHz and SCS = 60kHz, if the number of monitoring occasions is needed to be higher than 1 (E.g. 2 or 3 monitoring occasions) to meet the latency requirements, then we should restrict the number of non-overlapping CCEs per monitoring occasion to 16 CCEs as having more than 16 CCEs per monitoring occasion will consume very large frequency resources. 
Another concern about increasing the BDs/CCEs limits is the impact on the eMBB-only UEs. In fact, increasing the CCEs and BDs limits for all the UEs including the eMBB-only UEs will add extra complexity for the UE implementation. eMBB-only UEs are not required to support the increased CCEs/BDs limits intended mainly to the UEs supporting the URLLC service. One possibility to tackle this issue is to have more flexibility in defining the CCEs/BDs limits. One approach is to specify multiple CCEs/BDs numbers for each numerology (E.g. one intended for eMBB and one for the URLLC service) and define them as UE capabilities (E.g. Rel-15 as the baseline capability and Rel-16 new capability). 
Proposal 8:  Multiple BDs/CCEs limits could be specified per numerology and defined as UE capabilities.
CCEs/BDs Budget distribution
It is very likely that the eMBB scheduling and the group-common DCI will take place most of the time in the first half of the slot. However, the URLLC scheduling could be in the first or the second half of the slot with equal probability. Increasing the total BDs budget and splitting it equally between half-slots is a very tangible option to reduce the specifications effort while meeting the URLLC demand for higher monitoring capabilities but could penalize the traffic scheduled in the first-half (same budget for more PDCCH monitoring). 
Therefore, multiple other options are possible to better distribute the new CCEs/BDs budget. One approach is to have an asymmetric limits of CCEs/BDs budgets between the first and the second half of the slot, which means different CCEs/BDs budgets for the first half-slot and the second half-slot. E.g. for BDs: 48 BDs and 20BDs for the first and second half slot respectively, and for CCEs: 64 CCEs and 32 CCEs for the first and second half slot respectively for SCS = 15 kHz. 
Another approach is to split the budget between monitoring occasions/search spaces/CORESETs. The budget could be split equally between monitoring occasions (or search spaces or CORESETs), or also some priorities could be given to some monitoring occasions (or search spaces or CORESETs).  E.g. higher priority given to monitoring occasions (or search spaces or CORESETs) scheduling URLLC traffic. Or e.g. allocate specific budget for the 1st monitoring occasion (since it usually has the GC-PDCCH) and then split the remaining budget between the remaining occasions. 
Proposal 9: Adopt one of the two following options for CCEs/BDs limits: 
· Option 1: Asymmetric/symmetric limits of BDs/CCEs per half slot.
· Option 2: Split the new budget between monitoring occasions/search spaces. 
Considering URLLC as an additional service to existing eMBB service and to support better scheduling flexibility and reduce the blockage probability, it is clear that the #BDs and #CCEs limits need to be further relaxed. The increase, however shouldn’t be too large to violate the low-latency purpose. The UE complexity for CCEs channel estimation and blind decoding of PDCCH candidates should be taken into consideration when defining the new #CCEs/#BDs budget. 
PDCCH overbooking and dropping rules
A pseudo-code is defined in Rel-15 specs to handle the PDCCH overbooking. The PDCCH overbooking happens when the UE is configured with a number of PDCCH candidates to monitor larger than the #BDs specified limits. In the specified pseudo-code, CCEs/BDs allocation starts with search space (SS) with the lowest index. Therefore, priorities are currently given to the search spaces according to their indexes. This is not good for the URLLC traffic which could be scheduled by a PDCCH in a search space with high index and could be therefore dropped. 
To handle this issue multiple options are possible: 
· Option 1: Allocate priorities to search spaces and take those priorities into account in the PDCCH overbooking pseudo-code.
· Option 2: Split the CCEs/BDs budget equally (or with some priorities to the URLLC traffic) to avoid the risk of the CCEs being consumed from the initial monitoring occasion/CORESETs/search space.
Proposal 10: PDCCH overbooking and dropping rules should be reviewed for Rel-16 URLLC. 
Conclusion
In this contribution, we shared our views on how to enhance PDCCH transmission to meet the URLLC requirements. Based on the discussions and the analysis, we have the following proposals:
Proposal 1: Use frequency domain resource allocation Type 1 for compact DCI.
Proposal 2: The FD-RA field size in the compact DCI should be reduced compared to fall-back DCI.
Proposal 3: Use a fixed number of bits for the frequency domain resource allocation field in the compact DCI.
Proposal 4: For compact DCI, some of the scheduling parameters (e.g. K0, K1, and K2) are implicitly indicated to the UE.
Proposal 5: The UE is configured with separate TD-RA tables for different services.
Proposal 6: To reduce the size of the TD-RA table use half-slot as the reference time-domain region/window for the start symbol indexing in the TD-RA table.
Proposal 7: Increase the number of CCEs to 96 for SCS = 15 kHz and keep the same Rel-15 numbers for the remaining numerologies.
Proposal 8:  Multiple BDs/CCEs limits could be specified per numerology and defined as UE capabilities.
Proposal 9: Adopt one of the two following options for CCEs/BDs limits: 
· Option 1: Asymmetric/symmetric limits of BDs/CCEs per half slot.
· Option 2: Split the new budget between monitoring occasions/search spaces. 
Proposal 10: PDCCH overbooking and dropping rules should be reviewed for Rel-16 URLLC. 
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[bookmark: _Ref525545843]Table 7: Assumptions and parameters for UL/DL latency analysis
	UE processing
	Rel-15 capability 2

	gNB processing for DL
	N2

	gNB processing for UL
	N1

	gNB decodes HARQ-ACK
	PUCCH duration

	COREST duration
	1 OS

	PDSCH duration
	2 OS

	PUCCH Duration
	2 OS

	N1 {15kHz, 30kHz, 60kHz}
	{ 3, 4.5 , 9 }

	N2 {15kHz, 30kHz, 60kHz}
	{ 5, 5.5 , 11 } 
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