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1. Introduction
In 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

Agreements: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.

Agreements: 
Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.
· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot
· Other enablers are not precluded

Agreements:
Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded



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. In the previous contribution showing simulation results [2], we made following observations:
· Smaller DCI payload (e.g., 24 bits) offers performance gain of 1 – 2 dB for 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 in order to use as lower AL as possible for better system efficiency and thereby reducing PDCCH blocking probability. On the other hand, requiring UE to monitor another DCI size requires 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. The gain cannot be justified compared to the additional complexity of PDCCH monitoring.
On the other hand, use of existing DCI formats 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 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 and hence, 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 are applied for the DCI format(s) for URLLC.
In order to keep the total DCI payload 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 but 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 [3]. 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 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 also not available. Although power boosting can improve the BLER performance, power boosting 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. Since the problem depends on traffic models and UE density in the cell, we claim that it must be clarified that what kind of traffic models to be studied prior to making the conclusion.
Proposal 4:
· Make more progress on traffic models and UE density in the cell, before concluding whether the PDCCH blocking probability is a critical problem.
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(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. UCI enhancements 
3.1	Multiple HARQ-ACK transmissions within a slot
In NR Rel-15, no more than one HARQ-ACK codebook within a slot is allowed; one or multiple HARQ-ACK bits mapped on  the same slot are included in the same HARQ-ACK codebook, no matter whether the PUCCH resources indicated by the DCIs scheduling the PDSCHs for the HARQ-ACKs are different. The PUCCH resource to be used for the HARQ-ACK codebook is determined by the last DCI. The last DCI is defined as the last DCI among the DCIs indicating the same slot for HARQ-ACK feedback. Figure 5 below explains the above PUCCH resource determination procedure.
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Fig. 5	HARQ-ACK feedback in Rel.15.
For NR Rel.16 eURLLC, such manner of HARQ-ACK bits multiplexing is not appropriate. In the Rel.15 mechanism, as depicted in Figure 5, although the PUCCH transmission for a HARQ-ACK bit for the PDSCH #1 is on the first two symbols in a slot n, if the PUCCH transmission for a HARQ-ACK bit for the PDSCH #2 is on the last two symbols in the slot n, both HARQ-ACK bits are reported on the PUCCH mapped on the last two symbols in the slot n. This requires either accepting delay of the HARQ-ACK feedback for PDSCH #1, or delaying HARQ-ACK feedback for PDSCH #2 (since if the HARQ-ACK bit for PDSCH #2 is after the slot n, the HARQ-ACK bit for PDSCH #1 is not delayed). Considering that the stringent latency requirement needs to be satisfied, and the benefit of merging HARQ-ACK bits into a single HARQ-ACK codebook for URLLC, this UE behavior needs to be revisited.
Another motivation for multiple HARQ-ACK transmissions within one slot is to support eMBB and URLLC multiplexing from a UE point of view; performance requirements for eMBB and URLLC are totally different. Rel.15 mechanism only allows multiplexing HARQ-ACK bits onto the same HARQ-ACK codebook, regardless of whether the HARQ-ACK bit is for eMBB and URLLC. For example, assume PDSCH #1 is URLLC data and PDSCH #2 is eMBB data in Figure 5. Then, the two HARQ-ACK bits for PDSCH #1 and PDSCH #2 are multiplexed onto the same HARQ-ACK codebook and the codebook is reported on the PUCCH resource indicated by the DCI scheduling PDSCH #2. Since the HARQ-ACK for PDSCH #1 is included, the PUCCH indicated by the DCI scheduling PDSCH #2 needs to satisfy the URLLC requirement. This implies that, although PDSCH #2 is eMBB data, gNB needs to determine the PUCCH format/resource indicated by the DCI (and possibly PDCCH CCE index) for the PDSCH #2 taking into account the URLLC requirement, which makes gNB scheduler complicated. 
From the above discussion, multiple HARQ-ACK transmissions within a slot should be supported. Relating to this enhancement, the following features should be enabled.
· More than two PUCCHs within a slot
· More than one long PUCCHs within a slot
At the last meeting, further study of finer indication for HARQ feedback timing was agreed. In NR Rel-15, a slot for HARQ-ACK feedback is determined by the PDSCH-to-HARQ_feedback timing indicator field, and the PUCCH resource for the HARQ-ACK feedback is determined by the PUCCH resource indicator field in DCI format 1_0 or 1_1. Those signalling are optimized for eMBB, which does not require more than one HARQ-ACK feedback per slot. In order to realize more than one HARQ-ACK feedback per slot, the following options can be considered.
· Option 1: Finer granularity for PDSCH-to-HARQ timing field
· Option 2: More than 8 PUCCH resources within one PUCCH resource set and more than 3 bits PUCCH resource indicator field
· Option 3: Both of option 1 and option 2
We believe that option 1 is more reasonable solution since faster processing timeline will be defined for URLLC traffic, and option 2 requires to increase the DCI format size which is not desirable. The exact granularities need to be further studied, for example whether single granularity is sufficient or multiple granularities depending on the transmission duration are needed. 
Additionally, in consideration of performance requirement between eMBB and URLLC as mentioned, how to construct HARQ-ACK codebook between eMBB and URLLC is worthy to be studied.
Proposal 5:
· Rel.16 NR URLLC should enable following with the multiple HARQ-ACK transmissions within a slot:
· More than two PUCCHs within a slot
· More than one long PUCCHs within a slot
· Enable finer granularity of PDSCH-to-HARQ_timing indication by the scheduling DCI.
· Study further for the exact granularity values of HARQ-ACK feedback timing
· Study how to construct HARQ-ACK codebook between eMBB and URLLC.

3.2	PUCCH format enhancement
In NR Rel-15, five PUCCH formats are specified. PUCCH format (PF) 0 and PF1 are used for up to 2 bits of UCI and PF2/3/4 are used for more than 2 bits of UCI. PF2/3 can allocate multiple PRBs to accommodate larger UCI payload. On the other hand, PF0/1/4 are defined for only one PRB to support small or medium capacity. For URLLC transmission, even for small/medium UCI payload, it is beneficial to increase the amount of resources for interference mitigation. Both frequency-domain and time-domain can be considered. Time-domain solution can be realized by PUCCH repetition. Frequency-domain solution for PF0/1/4 is also beneficial in terms of lower latency compared to increasing time resources. 
Proposal 6:
· Define the requirements for HARQ-ACK on PUCCH for URLLC, e.g.
· BLER of NACK-to-ACK<=10^(-6)
· BLER of ACK-to-NACK <=10^(-4)
· Rel.16 NR URLLC should enable enhanced current NR Re-15 PUCCH format 0/1/4 to realize above requirements.
· Increase of frequency-domain should be enabled for PUCCH format 0/1/4

3.3	CSI feedback enhancements
In NR Rel-15, aperiodic CSI reporting on PUCCH was discussed for low latency; however, the conclusion was that NR rel-15 does not support aperiodic CSI on PUCCH. because it is assumed sufficient to use aperiodic CSI reporting on short PUSCH such as 2-symbol PUSCH to enable fast link adaptation. However, as analysed in section 2, the PDCCH capacity may not be enough to support URLLC traffic, if there is no UL data transmission, using UL grant to trigger A-CSI report on PUSCH without UL-SCH is costly. Therefore, A-CSI report on PUCCH by DL assignment can be studied. If it is beneficial and supported, the joint or separated PUCCH resource used for A-CSI and HARQ-ACK for PDSCH should be further studied. 
In addition, NR Rel-15 prohibits multiplexing of UCI and DMRS within a symbol for UCI multiplexing on PUSCH. This restriction makes UCI on one-symbol PUSCH and UCI on two-symbol PUSCH with frequency hopping forbidden. For URLLC, such prohibition should not be provided.
Then, A-CSI without explicit indication can be considered. Explicit triggering from gNB increases PDCCH overhead and latency. To solve this issues, the following options can be introduced.
Option 1: Implicit triggering A-CSI
Option 2: UE initiates A-CSI according to necessity
Option 1 can reduce PDCCH overhead, while option 2 reduces latency and contributes better MCS adaptation and power control. It seems that both are beneficial for URLLC transmissions, therefore the details of A-CSI reporting without explicit indication should be studied further. In addition, also SRS is used to know the channel condition. The situation is the same for URLLC, then A-SRS without explicit indication should be introduced as well if A-CSI without explicit indication is enabled.
Proposal 7:
· If PDCCH blocking probability is severe, it is necessary to support aperiodic CSI on PUCCH.
· If it is supported, the signaling to trigger the A-CSI reporting on PUCCH should be DL assignment scheduling the PDSCH at the same time.
· Realize multiplexing of UCI and DMRS within a symbol of PUSCH.
· Rel.16 NR URLLC should enable A-CSI reporting without explicit indication
· Study the details of implicit indication/initiation by UE
· Consider A-SRS without explicit indication as well

3.4	PUCCH repetition enhancement
As mentioned in sub-section 2.2, repetition with multiple-TRPs offers performance benefit of special diversity gain in terms of different shadowing and fading channel. In Rel.15, PUCCH repetition has already been supported. However, the Rel.15 PUCCH repetition is not suitable; at first, PUCCH repetition is across multiple slots, which is not suitable for low-latency. Second, the PUCCH repetition is only applicable to long-PUCCH. Therefore, PUCCH repetition enhancement is necessary. Multiple-TRP is discussed in MIMO WI, then this section focuses on the study on PUCCH repetition enhancement to solve issues remaining in NR Rel-15.
For PUCCH repetition, whether to soft-combine the repetition or not (just selection) and how to soft-combine needs to be considered in detail. In NR Rel-15, specification does not allow piggyback UCI on PUSCH if the PUCCH is PUCCH repetition, which comes from the restriction of polar coding nature. In polar code, repetitions cannot be soft-combined if the payload size is different between repetitions. However, such prohibition of PUSCH transmission should not be applied in NR Rel-16. This restriction delays URLLC PUSCH opportunity. The similar issue exists for PUCCH repetition and another PUCCH. In collision between PUCCH repetitions, lower priority PUCCH repetition is dropped because soft-bits based on different channel coding schemes cannot be combined. Therefore, PUCCH repetition with other UL transmissions should be allowed. 
[image: ]
Fig. 6	Collision between a PUCCH repetition and a PUSCH.
To study PUCCH repetition, the following conditions can be considered.
1. Different polar encoder for each repetition.
2. Different coding scheme for each repetition as Figure 6: UCI is not always encoded by polar coding, and PF0 does not use channel coding.
If PUCCH repetition without soft-combining (i.e. just selection) provides enough performance gain, PUCCH repetition can be introduced with solutions of how to indicate PUCCH resources regarding PDCCH/PDSCH transmissions. Otherwise, enhancements as PUCCH format, UCI coding procedure need to be considered as well. Easy solution is zero insertion or payload repetition to keep payload size among all PUCCH repetitions including in no collision slot. Performance evaluations should be provided.
[image: ]
Fig. 7	Different coding scheme/rate-match across repetitions.
Proposal 6:
· Rel.16 NR URLLC should enable enhanced PUCCH repetition.
· Repetitions should be mapped within a slot or across smaller number of slots
· Repetitions of short PUCCH should be enabled
· PUCCH repetition should be well combined with PUCCH/PUSCH or PUCCH/PUSCH repetition
· Study PUCCH format enhancement and UCI coding procedure enhancement, if necessary

4. PUSCH enhancements 
In Rel.15 URLLC, two solutions to realize lower coding rate are specified: (1) new MCS table for lower coding rate and (2) PDSCH/PUSCH repetitions across slots (also called as slot-aggregation). For the same transport block size, as long as the code rate is sufficiently low, lower MCS and repetition offers similar performance gain. 
However, according to Rel.15 mechanism, PDSCH/PUSCH repetition across slots is not well suited for URLLC use-cases; since the repetition is performed such that same start/length for each slot is repeated across slots (see Fig. 8 (a)), by increasing repetition factor, the latency increases. 
In Rel.16 eURLLC, the PDSCH/PUSCH repetition should be enhanced so that the repetitions are not limited to the same start/length across slots. More specifically, repetitions should be able to be mapped within a shorter time window. For example, more than one repetitions per slot (see Fig. 8 (b)), and/or all repetitions within a slot (see Fig. 8 (c)).
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(a) one repetition per slot
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(b) More than one repetition per slot
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(c) All repetitions within a slot
Fig. 8	PUSCH repetition enhancements.

The benefits of PUSCH repetition enhancement such as Fig. 8 (b) and/or (c) compared to new MCS table for lower coding rate are following:
· Lower processing time for gNB receiver
· The required reliability for URLLC is 10-5 ~ 10-6. Assuming that K = 4 repetitions are performed and error probability of each repetition is Pr = 5%, then 1PrK = 99.9994%, which is the probability of at least one repetition successfully received, implies that K = 4 repetitions can satisfy the requirement. In this situation, the error probability of up to the second repetition can be calculated as 1Pr2 = 99.75%. Although the requirement is not satisfied statistically for up to the second repetition, in many cases, decoding trial using the first and the second repetitions could result in successful decoding with very low error probability. gNB can try decoding before the end of all the K repetitions. Hence, PUSCH repetition is beneficial to reduce processing time. By enabling repetitions within shorter time window (such as Fig.3 (b) and (c)), gNB can start receiver processing from the end of the first repetition across repetitions whenever possible. 
· Precoder/QCL(or SRI)-cycling across repetitions (Fig. 4)
· Different precoders and/or QCL assumptions (or SRI configurations) can be applied across repetitions. This offers macroscopic/microscopic spatial diversity gain and improves the BLER performance [2]. This itself is no matter whether the repetitions are across slots or within a slot. However, if the repetitions can be confined within a shorter time window such as Fig.3 (b) and (c), the benefit/improvement is realized also for URLLC scenario. 
· Figure 5 briefly introduces performance benefit of precoder/QCL (or SRI)-cycling across PUSCH repetitions. Here, the TB of size 256 bits is delivered by either 8-symbol PUSCH or 2 times repeated 4-symbol PUSCH. For 2 times repeated 4-symbol PUSCH, uncorrelated fading channels across repetitions is assumed. As can be seen by the results, repetitions with precoder/QCL (or SRI)-cycling offers extra diversity gain and provides significant gain especially at lower BLER operating point. This shows the effectiveness of the precoder/QCL (or SRI)-cycling across PUSCH repetitions. Details are found in [4].
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Fig. 9	PUSCH repetitions with precoder/QCL (or SRI)-cycling.
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Fig. 10	PUSCH BLER performances [4].

Based on above simulation results, we can conclude that PUSCH repetitions within a slot (or shorter repetitions compared to Rel.15 repetitions) is necessary for Rel.16 URLLC. Also, PUSCH repetitions should be enabled over multiple-TRPs which is cover by Rel.16 MIMO WI.
Proposal 9:
· Study mini-slot repetitions as the promising candidates for URLLC enhancements and capture the benefits and advantages of them in the TR.
· PUSCH repetitions shorter than one repetition per slot (e.g., repetitions within a slot).
· PUSCH repetitions with precoder/QCL (or SRI)-cycling across repetitions.

For PUSCH repetitions within one slot, frequency hopping for the repetitions should be further discussed. There are two options: 
Option 1: the hopping is performed over each repetition.
Option 2: the number of repetitions in the first hop is floor(N/2), the number of repetitions in the 2nd hop is ceiling (N/2) where N is the number of repetitions within a slot.
To achieve efficient resource management and frequency hopping gain, option 2 is preferred.
Time-domain resource allocation for mini-slot based repetitions needs to be studied. There are three options.
Option 1: any repetition cannot cross slot boundary and each repetition has same transmission length.
Since one slot consists of 14 symbols, only 1-symbol PUSCH with repetition factor K of 4, 2-symbol PUSCH with K of 7 and 7-symbol PUSCH with K of 2 can be efficiently filled in one slot. For other transmission durations and repetition factors, additional issue needs to be addressed is in case the remaining resource/symbols within one slot is not enough for one repetition.
Option 2: any repetition cannot cross slot boundary and repetitions can have different transmission length.
This option adopts similar concepts in LTE HRLLC that repetition patterns within one slot for certain TTI length can be defined. For example, in case of 4-symbol PUSCH with repetition factor of 4, pattern of {4,3,3,4} within one slot can be defined and DMRS sharing can be studied together. 
Option 3: any repetitions can cross slot boundary and each repetition has same transmission length.
This option is simple while it may cause resource fragmentation and frequent transmission collision will happen.  

Proposal 10:
· Study further detailed options of PUSCH repetition.
· Frequency-hopping
· E.g., the number of repetitions in the first hop is floor(N/2), the number of repetitions in the 2nd hop is ceiling (N/2) where N is the number of repetitions within a slot
· Time-domain resource allocation 
· Option 1: any repetition cannot cross slot boundary and each repetition has same transmission length.
· Option 2: any repetition cannot cross slot boundary and repetitions can have different transmission length.
· Option 3: any repetitions can cross slot boundary and each repetition has same transmission length.
5. Enhancements to scheduling/HARQ/CSI processing timeline
For UEs with the baseline processing capability, for any two HARQ process IDs A and B for a given cell, if the scheduling DCI scrambled by C-RNTI for unicast PUSCH/PDSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PUSCH/PDSCH transmission B, the UE is not expected to be scheduled such that PUSCH/PDSCH for B is before the PUSCH/PDSCH for A. Similarly, for any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE is not expected to be triggered to send the HARQ-ACK for A after the HARQ-ACK for B. 
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Fig. 11	Out-of-order scheduling.
These restrictions are reasonable only for the case where a single service type is operated. However, if a UE supports eMBB and URLLC services, the restriction is quite non-sense. For a UE supporting eMBB and URLLC services, two traffics with totally different timelines occur. If these restrictions are kept in Rel.16 NR URLLC, when a UE is operated with eMBB and URLLC, the URLLC traffic is restricted by eMBB traffic. 
Proposal 11:
· Out-of-order scheduling and HARQ-ACK feedback should be enabled for Rel.16 URLLC. 
Rel.15 specs impose many restrictions on NR scheduling flexibility to avoid the transmissions and/or receptions with different timelines collide in time, which negatively impacts the latency for URLLC services. For example, the UE is not expected to decode a PDSCH scheduled in the primary cell with C-RNTI and another PDSCH scheduled in the primary cell with CS-RNTI if the PDSCHs partially or fully overlap in time; there is no support for the case when DL assignments are later than UL grant mapped to the same time instance for HARQ-ACK transmission on PUSCH; it is not clear that whether a PUSCH scheduled later can cancel previously scheduled another PUSCH/PUCCH overlapped in time. Therefore, for UEs supporting URLLC, following cases should be supported.
1. Receive a PDSCH that cancels previously scheduled another PDSCH overlapped in time
2. Transmit a PUSCH that cancels previously scheduled another PUSCH/PUCCH overlapped in time
3. Transmit a PUCCH that cancels previously scheduled another PUSCH/PUCCH overlapped in time
4. Transmit more than one TDMed PUCCHs in one slot
5. DL assignments received later than UL grant mapped to the same time instance for HARQ-ACK transmission on PUSCH
As for the UE behavior for case 1, 2, 3, prioritizing later scheduled transmissions or receptions is preferable, so that urgent traffic with shorter timeline is prioritized over normal traffic with relaxed timeline. Indeed, LTE shortened TTI already specifies all of the above collision cases, such that short-TTI is prioritized over 1ms TTI. NR can borrow the specifications of LTE short-TTI [7]. Still above intra-UE multiplexing is covered in RAN2 and better to wait RAN2’s guidance. 
[bookmark: _GoBack]
6. Conclusion
In this contribution, we discuss the layer 1 enhancements for URLLC and following is the proposal summary:
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:
· Make more progress on traffic models and UE density in the cell, before concluding whether the PDCCH blocking probability is a critical problem.
Proposal 5:
· Rel.16 NR URLLC should enable following with the multiple HARQ-ACK transmissions within a slot:
· More than two PUCCHs within a slot
· More than one long PUCCHs within a slot
· Enable finer granularity of PDSCH-to-HARQ_timing indication by the scheduling DCI.
· Study further for the exact granularity values of HARQ-ACK feedback timing
· Study how to construct HARQ-ACK codebook between eMBB and URLLC.
Proposal 6:
· Define the requirements for HARQ-ACK on PUCCH for URLLC, e.g.
· BLER of NACK-to-ACK<=10^(-6)
· BLER of ACK-to-NACK <=10^(-4)
· Rel.16 NR URLLC should enable enhanced current NR Re-15 PUCCH format 0/1/4 to realize above requirements.
· Increase of frequency-domain should be enabled for PUCCH format 0/1/4
Proposal 7:
· If PDCCH blocking probability is severe, it is necessary to support aperiodic CSI on PUCCH.
· If it is supported, the signaling to trigger the A-CSI reporting on PUCCH should be DL assignment scheduling the PDSCH at the same time.
· Realize multiplexing of UCI and DMRS within a symbol of PUSCH.
· Rel.16 NR URLLC should enable A-CSI reporting without explicit indication
· Study the details of implicit indication/initiation by UE
· Consider A-SRS without explicit indication as well
Proposal 6:
· Rel.16 NR URLLC should enable enhanced PUCCH repetition.
· Repetitions should be mapped within a slot or across smaller number of slots
· Repetitions of short PUCCH should be enabled
· PUCCH repetition should be well combined with PUCCH/PUSCH or PUCCH/PUSCH repetition
· Study PUCCH format enhancement and UCI coding procedure enhancement, if necessary
Proposal 9:
· Study mini-slot repetitions as the promising candidates for URLLC enhancements and capture the benefits and advantages of them in the TR.
· PUSCH repetitions shorter than one repetition per slot (e.g., repetitions within a slot).
· PUSCH repetitions with precoder/QCL (or SRI)-cycling across repetitions.
Proposal 10:
· Study further detailed options of PUSCH repetition.
· Frequency-hopping
· E.g., the number of repetitions in the first hop is floor(N/2), the number of repetitions in the 2nd hop is ceiling (N/2) where N is the number of repetitions within a slot
· Time-domain resource allocation 
· Option 1: any repetition cannot cross slot boundary and each repetition has same transmission length.
· Option 2: any repetition cannot cross slot boundary and repetitions can have different transmission length.
· Option 3: any repetitions can cross slot boundary and each repetition has same transmission length.
Proposal 11:
· Out-of-order scheduling and HARQ-ACK feedback should be enabled for Rel.16 URLLC. 
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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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