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1. Introduction
At the RAN1 #94 meeting, following agreements were achieved related to the URLLC layer 1 improvements [1]:
	Agreements:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered



In this contribution, we share our views on physical layer enhancements to support URLLC.

2. PDCCH enhancements 
2.1	DCI formats/size including potential compact DCI
The objective of the study includes compact DCI. Based on the simulation results in [2], following observations were made:
· Smaller DCI payload (e.g., 24 bits) offers performance gain of 1 – 2 dB for the required SNR at BLER=0.5*10-5, compared to the DCI payload of 40 bits.
· Even with the DCI payload of 40 bits, operating SNR for PDCCH with AL=8 or AL=16 can be lower than 3dB, which is the cell-edge DL SINR.
It is important to keep improving BLER performance of PDCCH by using as lower AL as possible for better system efficiency and reducing PDCCH blocking probability. To achieve this, compact DCI can be one solution. However, it requires UE to monitor another DCI size which adding additional burden for the UE. For example, if the UE is eMBB + URLLC UE and if the DCI for URLLC is compact, the UE may be required to monitor DCI format 0_0/1_0, 0_1, 1_1, and the additional compact DCI. Besides, the scheduling flexibility is largely reduced with the decreased DCI size. Therefore, it is not preferred to support the compact DCI for URLLC.
In [3], it was pointed out that a DCI format with a payload of 40 bits cannot achieve 10-6 BLER target requirement for 700 MHz carrier frequency band and hence, smaller payload size such as 24 bits and 15 bits is necessary. However as we show in [4], PDCCH repetitions can be alternative way of reaching the high reliability target. As seen in [4], 8 repetitions or AL=2 with precoder-cycling across repetitions offers more than 2 dB gain for achieving BLER=10-4. For the operating BLER of 10-5 or 10-6, the gain must be larger. Optimizing a DCI format design with a large constraint due to a particular scenario is not desirable.
On the other hand, use of existing DCI formats/contents for URLLC operation is not suitable. DCI format 0_1/1_1 has many configurable fields and the total payload sizes of these DCI formats can easily be more than 80 bits. As can be seen in Figure 1, the required SNR can be highly different if the DCI size is much higher than 40 bits. 
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Fig. 1	PDCCH BLER performance with various DCI format sizes.
DCI format 0_0/1_0, which has the payload of up to around 40 – 50 bits, is reasonable from the total DCI payload and scheduling flexibility point of view. Indeed, the UE anyway monitors DCI format 0_0/1_0 in common search space(s) for SI/paging acquisition and/or random access. Therefore, the system shall be designed such that the URLLC UE can receive the DCI format 0_0/1_0 with an appropriate miss detection probability. However, existing DCI format 0_0/1_0 does not have some fields that are necessary for UE-specific data scheduling with appropriate MIMO or beam-forming operation; e.g., DMRS/MIMO configuration related fields, CSI/SRS request fields, beam related fields (TCI-state field, SRI field), etc. Therefore, we propose to keep the total DCI payload size being same as DCI format 0_0/1_0 while necessary changes on DCI fields/contents are applied for the DCI format(s) for URLLC.
In order to keep the total DCI payload size while adding some fields, it is also suggested to reduce the sizes of some fields, e.g., HPN, RV, and/or MCS. Considering that URLLC data is typically shorter TTI (smaller number of OFDM symbols) while wider BW, frequency-domain resource allocation field can be reduced with possible bundling of multiple consecutive RBs as the RIV unit. Example sets of fields for the new DCI format(s) for URLLC are given in Table 1 and Table 2 below.
Table. 1	Possible UL DCI for URLLC.
	Field
	DCI format 0_0
	UL DCI for URLLC
	Note

	Identifier for DCI formats
	1
	[1]
	

	Frequency-domain RA
	
	
	RA Type 1
For UL DCI for URLLC, x can be larger than 1, for reducing the field size with a coarser granularity

	Time-domain RA
	4
	0 or 1 or 2 or 3 or 4
	Configurable size for UL DCI for URLLC

	Frequency-hopping flag
	1
	0 or 1
	

	MCS
	5
	1 or 2 or 3 or 4 or 5
	

	NDI
	1
	

	RV
	2
	1 or 2
	Configurable size for UL DCI for URLLC

	HPN
	4
	1 or 2 or 3 or 4
	

	TPC command
	2
	

	SRS resource indicator
	N/A
	0 or 1 or 2
	Configurable size for UL DCI for URLLC

	Precoding information and number of layers
	N/A
	0 or 1 or 2
	

	Antenna ports
	N/A
	0 or 1 or 2
	

	SRS request
	N/A
	0 or 1 or 2
	

	CSI request
	N/A
	0 or 1 or 2
	

	beta_offset indicator
	N/A
	0 or 1 or 2
	

	Repetition factor
	N/A
	0 or 1 or 2
	PUSCH repetition factor should be dynamically indicated by the DCI
Configurable size for UL DCI for URLLC

	Padding bits, if required
	Depending on the size of DCI format 1_0
	

	UL/SUL indicator
	0 or 1 bit
	

	Total payload
	Up to the size of DCI format 1_0
	



Table. 2	Possible DL DCI for URLLC.
	Field
	DCI format 0_1
	DL DCI for URLLC
	Note

	Identifier for DCI formats
	1
	[1]
	

	Frequency-domain RA
	
	
	RA Type 1
For DL DCI for URLLC, x can be larger than 1, for reducing the field size with a coarser granularity

	Time-domain RA
	4
	0 or 1 or 2 or 3 or 4
	Configurable size for DL DCI for URLLC

	VRB-to-PRB mapping
	1
	0 or 1
	

	MCS
	5
	1 or 2 or 3 or 4 or 5
	

	NDI
	1
	

	RV
	2
	1 or 2
	Configurable size for DL DCI for URLLC

	HPN
	4
	1 or 2 or 3 or 4
	

	Counter DAI
	2
	0 or 2
	

	TPC command
	2
	

	PUCCH resource indicator
	3
	0 or 1 or 2 or 3
	Configurable size for DL DCI for URLLC

	HARQ timing indicator
	3
	0 or 1 or 2 or 3
	

	PRB bundling size indicator
	N/A
	0 or 1
	

	Rate matching indicator
	N/A
	0 or 1 or 2
	

	ZP CSI-RS trigger
	N/A
	0 or 1 or 2
	

	Antenna port(s)
	N/A
	0 or 1 or 2
	

	Transmission configuration indication
	N/A
	0 or 3
	

	SRS request
	N/A
	2 or 3
	

	Repetition factor
	N/A
	0 or 1 or 2
	PDSCH repetition factor should be dynamically indicated by the DCI
Configurable size for DL DCI for URLLC

	Padding bits, if required
	N/A
	Depending on the size of DCI 1_0
	

	Total payload
	Up to 44 bits
	



Assuming that the size of the DCI format(s) scheduling URLLC data is aligned with DCI format 0_0/1_0, the next step is to clarify identification mechanisms for the DCI formats. Typical approaches could be (1) using explicit identifier field, or (2) using different RNTIs for CRC masking. Other approaches such as (3) based on search space configuration or (4) based on the PDCCH monitoring occasion can also be considered although they have some restrictions for occasions of DCI format 0_0/1_0 and the DCI format(s) for URLLC.
Proposal 1:
· Study further the DCI format(s) and its necessary fields for scheduling URLLC data.
· Make a working assumption for further study that the DCI size is matched with the size for DCI format 0_0/1_0.
· Consider possible reduction of existing fields for DCI format 0_0/1_0.
· E.g., FDRA, MCS, HPN, RV, and other fields that are configurable in DCI format 0_0/1_0.
· Consider additional fields that are not included in the DCI format 0_0/1_0 but necessary for scheduling URLLC data.
· E.g., DMRS configuration related fields, CSI/SRS request fields, beam related fields, that are supported in DCI format 0_1/1_1.
· Study identification between DCI format(s) for non-URLLC-specific (i.e., DCI format 0_0/1_0) and for URLLC-specific.

2.2	PDCCH repetition
At the plenary meeting RAN#81, it was decided that multiple TRP enhancement for URLLC will be specified in MIMO WI. Therefore, we describe the performance benefit of using multiple TRP for PDCCH repetition in [4]. In this contribution, we focus on how to realize PDCCH repetition.
There are multiple options to realize PDCCH repetition:
· Opt.1: PDCCH is repeated across multiple candidates within a search space set.
· Opt.2: PDCCH is repeated across multiple candidates over multiple search space sets associated to only the same CORESET.
· Opt.3: PDCCH is repeated across multiple candidates over multiple search space sets associated to the same or different CORESETs.
Among them, option 1 is useful only for the purpose of realizing AL higher than 16 or AL, but the need of AL higher than 16 is not yet justified. Between option 2 and option 3, option 3 is more universal solution; it is suitable no matter whether the single TRP or multiple TRPs are considered. Therefore, Option 3 should be the baseline for further study of PDCCH repetition.
The next step is to investigate some more details, such as (1) whether the repetition should be across the same AL or not, (2) how the UE monitors the repeated PDCCH including whether soft-combining should be performed, (3) what will be the impact on the number of BD/CCE. Those should be further investigated.
Note that we believe it is beneficial to enable precoder/QCL-cycling across repetitions to get macro/micro diversity gain. However, the scope of multi TRP is moved to MIMO WI, so we present the performance gain in [4] obtained by system-level/link-level simulations.
Proposal 2:
· Study further PDCCH repetition using multiple search space sets associated to the same or different CORESETs. FFS following aspects:
· Whether the repetition should be across the same AL or not
· How the UE monitors the repeated PDCCH including whether soft-combining should be performed or not
· What will be the impact on the number of BDs/CCEs


2.3	Increased PDCCH monitoring capability
In Rel.15 NR, the limits of PDCCH BDs/CCEs are specified as following [5]:
	

Table 10.1-2: Maximum number of monitored PDCCH candidates per slot for a single serving cell as a function of the subcarrier spacing value  kHz, 
	

	
Maximum number of monitored PDCCH candidates per slot and per serving cell 

	0
	44

	1
	36

	2
	22

	3
	20





Table 10.1-3: Maximum number of non-overlapped CCEs per slot for a single serving cell as a function of the subcarrier spacing value  kHz, 
	

	
Maximum number of non-overlapped CCEs per slot and per serving cell 

	0
	56

	1
	56

	2
	48

	3
	32






For URLLC, due to stringent requirements for latency and reliability, PDCCH monitoring should be more frequent.
For example, for SCS = 15kHz, possible PDSCH scheduling occasion should be, e.g., per 2-symbol. Assuming that PDCCH schedules PDSCH per 2-symbol, according to the above tables, each PDCCH monitoring occasion can have up to 6 PDCCH candidates and 8 non-overlapped CCEs. Assuming the UE should be able to receive DL assignment and UL grant at one time of PDCCH monitoring occasion, each PDCCH (i.e., DL assignment or UL grant) can have up to 4 CCEs. This means that for this particular case, the PDCCH aggregation level cannot be higher than AL = 4.
For SCS = 30kHz, if PDCCH monitoring is per 2-symbol, each PDCCH monitoring occasion can have up to 5 PDCCH candidates and up to 4 CCEs. If PDCCH monitoring is per 4-symbol, each PDCCH monitoring occasion can have up to 9 PDCCH candidates and up to 7 CCEs. This means that for this particular case, the PDCCH aggregation level cannot be higher than AL = 4. If PDCCH monitoring is per 7-symbol, each PDCCH monitoring occasion can have up to 18 PDCCH candidates and up to 28 CCEs. Still in this case, two PDCCHs of AL=16 at one monitoring occasion cannot be accommodated.
Overall, it is observed that due to the limit of CCEs for channel estimation, each PDCCH cannot have higher aggregation level e.g., AL8 or AL16. The question is whether the PDCCH with AL of up to 4 can meet the URLLC requirement. Based on the simulation in [6], it is observed that PDCCH with AL = 4 cannot achieve BLER less than 10-5 with SNR of less than 2dB for carrier frequency of 700MHz using 2 Tx + 2 Rx. From Fig. 2 (a), BLER less than 10-5 with SNR of less than -2dB for carrier frequency of 4GHz using 2 Tx + 4 Rx is not available, either. Although power boosting can improve the BLER performance, it is not always available. 
Therefore, following options can be considered to relax the obvious restrictions for PDCCH monitoring specified in Rel.15.
Option 1: Specify higher numbers for the limits of BDs/CCEs.
Option 2: Support PDCCH-less PDSCH reception.
Option 3: Support nested search space structure.
Option 1 must be supported at least for the UE running both eMBB and URLLC traffic; Option 2 can be viewed as the enhancements or variations to the NR DL SPS mechanism. Similar to the UL configured grant transmission, the transmission purely rely on the RRC can be considered which is suitable for particular URLLC services with periodic traffic profile deployed indoor; Option 3 can reduce the CCE estimation efforts while may result in PDCCH blocking. However, since the current search space structure is already non-nested, the benefit would be restrictive. 
Based on the above discussion, we propose following:
Proposal 3:
· Capture in the TR the essential need of solutions for the restrictive PDCCH monitoring capability in Rel.15.
· Possible solution 1: higher numbers for the limits of BDs/CCEs
· Possible solution 2: PDCCH-less PDSCH reception

2.4	PDCCH blocking probability
It was agreed in RAN1#94 that PDCCH blocking probability is to be investigated. In this subsection, we show the simulation results on PDCCH blocking probability. 
For evaluation of PDCCH blocking probability, aggregation level (AL) selection probabilities should be taken into account. AL distributions can be determined by the results of BLER performances on link level simulation and cumulative distribution functions (CDFs) of SINR on system level simulation. First, we set target SNRs for each AL based on the results of BLER performances. Figure 2 shows BLER performances of each AL for 4 GHz and 30 GHz carrier frequency, respectively. Their simulation assumptions are presented in Appendix Table 3. From the results, required SNRs for 4 GHz carrier frequency for achieving BLER=10-5 are 13.0 dB, 5.0 dB, -1.5 dB, -4.5 dB, and -7.0 dB for aggregation levels 1, 2, 4, 8, and 16, respectively. For 30 GHz carrier frequency, required SNRs for achieving BLER=10-5 are 13.5 dB, 5.0 dB, -1.2 dB, -5.0 dB, -7.0 dB, respectively. Then, with these SNRs, we obtain AL distributions from CDFs of SINR on system level simulation. Figure 3 shows CDFs of DL SINR in indoor hotspot with single TRP for 4GHz and 30GHz. Detailed simulation assumptions are summarized in Appendix Table 3. From the results, the AL probabilities can be set to 7%, 26%, 48%, 18%, and 1% for aggregation levels 1, 2, 4, 8, and 16, respectively, for 4 GHz. For 30 GHz, those can be set to 81%, 17%, 2%, 0%, and 0% for aggregation levels 1, 2, 4, 8, and 16, respectively.
Finally, we show the results of PDCCH blocking probability. In this simulation, it is assumed that the numbers of PDCCH candidates for UE-specific search space are 6, 6, 2, 2, and 2 for aggregation levels 1, 2, 4, 8, and 16 respectively. For CSS, it is not considered in this simulation for simplicity. The number of CCEs per CORESET for the monitored PDCCH is assumed to be 16 or 32.
As can be seen in Figure 4, with 3 or 4 DCIs per CORESET in the same PDCCH monitoring occasion, the PDCCH blocking probability cannot be lower than 10-2 for 4 GHz. Considering that more than one PDCCH monitoring occasions can be set in a slot, the number of DCIs that can be multiplexed in a slot of the cell would be 3N DCIs, where N is the number of monitoring occasions per slot. Whether the 3N DCIs is enough or not highly depends on URLLC service/traffic, e.g., data periodicity, number of UEs in a cell, etc.
Proposal 4:
· Take into account traffic models and UE density in the cell to evaluate the PDCCH blocking probability, and make the conclusion based on the analysis.



[image: ] [image: ]
(a) Carrier frequency: 4 GHz				(b) Carrier frequency: 30 GHz
Fig. 2	PDCCH BLER performances.



[image: ]   [image: ]Fig. 4	PDCCH blocking probability.
Fig. 3	Cumulative distribution functions of DL SINR on system level simulation.

3. Conclusion
In this contribution, we discuss the PDCCH enhancements for URLLC and following is the proposal summary:
[bookmark: _GoBack]Proposal 1:
· Study further the DCI format(s) and its necessary fields for scheduling URLLC data.
· Make a working assumption for further study that the DCI size is matched with the size for DCI format 0_0/1_0.
· Consider possible reduction of existing fields for DCI format 0_0/1_0.
· E.g., FDRA, MCS, HPN, RV, and other fields that are configurable in DCI format 0_0/1_0.
· Consider additional fields that are not included in the DCI format 0_0/1_0 but necessary for scheduling URLLC data.
· E.g., DMRS configuration related fields, CSI/SRS request fields, beam related fields, that are supported in DCI format 0_1/1_1.
· Study identification between DCI format(s) for non-URLLC-specific (i.e., DCI format 0_0/1_0) and for URLLC-specific.
Proposal 2:
· Study further PDCCH repetition using multiple search space sets associated to the same or different CORESETs. FFS following aspects:
· Whether the repetition should be across the same AL or not
· How the UE monitors the repeated PDCCH including whether soft-combining should be performed or not
· What will be the impact on the number of BDs/CCEs
Proposal 3:
· Capture in the TR the essential need of solutions for the restrictive PDCCH monitoring capability in Rel.15.
· Possible solution 1: higher numbers for the limits of BDs/CCEs
· Possible solution 2: PDCCH-less PDSCH reception
Proposal 4:
· Take into account traffic models and UE density in the cell to evaluate the PDCCH blocking probability, and make the conclusion based on the analysis.

References
[1] 3GPP RAN1 #94 meeting, chairman’s notes  
[2] R1-1802494, ‘Necessity of compact DCI,’ NTT DOCOMO, INC. 
[3] R1-1810395, “Layer 1 enhancements for URLLC”, vivo.
[4] R1-1813333, ‘Enhancements on multi-TRP/panel transmission’ NTT DOCOMO, INC.
[5] 3GPP TS 38.213
[6] R1-1807059, ‘Search space for June drop URLLC’, NTT DOCOMO, INC.

Appendix: Simulation assumptions for PDCCH repetitions
Table 3: Link level simulation assumptions

	Parameter
	Value

	Carrier Frequency
	4 GHz/30 GHz

	Sub-carrier Spacing
	30kHz

	Modulation
	QPSK

	Channel Coding
	Polar code

	Aggregation Level
	1, 2, 4, 8. 16

	Control Resource Set (CORESET) configuration
	Time-domain duration
	2 OFDM symbol

	
	CORESET Bandwidth
	20 MHz

	
	CCE-to-REG mapping
	Interleaved (Interleaver row: 2)

	
	REG-bundle size
	6

	
	Precoder granularity
	REG-bundle

	
	Resource mapping
	Distributed transmission

	Transmission Diversity Scheme
	1-port Precoder Cycling

	DMRS density
	1/4; symbol #1, #5, #9 within each REG

	Channel Model
	TDL-C, Delay spread 30 ns, UE spread 3 km/h

	gNB antenna configuration
	2Tx

	UE antenna configuration
	4Rx

	Channel Estimation
	MMSE

	Noise Estimation
	Ideal




Table 4: Simulation assumptions for DL SINR CDF in indoor hotspot on system level simulation
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