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Introduction
[bookmark: _Ref129681832]In RAN#80 plenary meeting [1], a new SID on physical layer enhancements for NR URLLC was approved for Rel-16. The study will establish the baseline performance achievable with Rel-15 URLLC considering the prioritized URLLC use cases (e.g. Transport industry, Electrical power distribution, factory automation and entertainment industry), and investigate the necessary improvement for the prioritized URLLC use cases and how to meet the requirements for those use cases in Rel-16 with higher requirements, such as:
· Higher reliability (up to 1E-6 level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
· Relevant development in other work and study items to be taken into account.
The contribution mainly focuses on layer 1 enhancements for URLLC. In the RAN1#94 meeting, the following agreements related to layer 1 enhancements were achieved: 
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
Agreement: 
· 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
The contribution further discusses each potential enhancement for L1 improvements, including PDCCH enhancements, UCI enhancements, PUSCH enhancements, enhancements to scheduling/HARQ/CSI processing timeline. 
PDCCH Enhancements 
Rel-15 URLLC evaluated the single link performance at the SINR corresponding to the 5th percentile DL geometry and drew a conclusion that neither “compact DCI” nor “PDCCH repetition” needs to be supported. In Rel-16, however, the latency and reliability requirement is more stringent, and the use cases need multiple URLLC UEs to be served per cell. Thus the evaluation under the new requirements and new use cases has to be performed to judge whether Rel-15 URLLC mechanism can guarantee the reliability and latency under Rel-16 use cases. As agreed in the RAN1#94 meeting, PDCCH reliability and PDCCH blocking should be evaluated for potential PDCCH enhancements.  Therefore, both LLS for evaluating the PDCCH reliability and SLS for evaluating the impact of PDCCH blocking should be needed.
Performance of Rel-15 URLLC applied on Rel-16 use cases
[bookmark: OLE_LINK1]As discussed in [2], for some use cases, e.g. remote driving and differential protection, the requirement of reliability is 99.999%, while for some other use cases, e.g. factory automation, the requirement of reliability is 99.9999%. PDCCH evaluation in this section is performed assuming the reliability of 99.999%.    
2.1.1 PDCCH reliability   
According to 38.212 [3], for an active bandwidth part with 100 PRBs, the smallest DCI payload size of DCI format 1_x is about 40 bits excluding CRC. The BLERs achieved by ALs 1-16 for different SINR conditions were simulated for this payload. The simulation assumptions are provided in Appendix and the results for 30 kHz and 60 kHz SCS are shown in Figure 1 and Figure 2 below.

Figure 1 Evaluation results for PDCCH reliability with SCS 30 kHz

Figure 2 Evaluation results for PDCCH reliability with SCS 60 kHz
The evaluation baseline for the required reliability is the SINR at the 5th percentile of the geometry CDF. Depending on the deployment scenario, this SINR value may differ from use case to use case. In Rel-15, 3GPP required a SINR of -4dB at the 5th percentile, ITU requires -2.5dB and for V2X applications, our studies (see section 2.1.2 Figure 3 below) show a SINR of -2dB for remote driving.
In Table 1, we have summarized the results from our LLS that show the lowest CCE aggregation level (AL) required to achieve a PDCCH BLER of 1e-5. Table 1 does not consider SINR margin of 2dB.
Table 1 – Required AL for 30/60 kHz SCS, UE speed 60 km/h and identified SINR at the 5th percentile SINR CDF
	Channel
	UE speed
	SINR [dB]
	Required AL
for BLER 1e-5

	TDL-C,60kHz
	60km/h
	-4 (UMA Rel-15)
	8

	
	
	-2.5 (ITU)
	8

	
	
	-2 (Urban Grid))
	4

	TDL-C,30kHz
	60km/h
	-4 (UMA Rel-15)
	8

	
	
	-2.5 (ITU)
	8

	
	
	-2 (Urban Grid))
	4



It is indicated by Figure 1 and Figure 2 that the technology in Rel-15, such as AL=16 and DCI format 1_x, is sufficient to meet the reliability requirement of 99.999% at the 5th percentile DL geometry. 
Observation 1: The single user PDCCH reliability requirement of 99.999% can be fulfilled with Rel-15 technology by using the payload size of 40 bits and AL16.  
2.1.2 PDCCH blocking evaluation in Rel-16
Considering the new use cases supporting multiple UEs per cell in Rel-16, the evaluation under the new requirements and new use cases has to be performed to judge whether Rel-15 URLLC mechanism can guarantee the reliability and latency under Rel-16 use cases taking into consideration of the PDCCH blocking impact. To assess the impact of PDCCH blocking, PDCCH evaluations are performed with the evaluation results as below: 
SNR-BLER curves for various ALs
Details are as shown in section 2.1.1 and the curves as shown in Figure 1 and Figure 2 are achieved.  
Aggregation level distribution for multiple users
A UE with a certain SINR requires a specific AL so that the PDCCH can be detected reliably. Therefore, the AL distribution is a function of the UE distribution and the URLLC reliability requirements.
Figure 3 shows the geometry curve for the Urban Grid for connected cars of V2X as defined in TR 38.913. It can be seen that the 5th percentile for the DL geometry is located at -2dB for the Urban Grid.
[image: C:\Users\m00385340\AppData\Roaming\eSpace_Desktop\UserData\m00385340\imagefiles\BEB20B9F-07FF-463D-A195-6C1E77F83AB6.png]
Figure 3 – Geometry distribution according to Urban Grid for V2X 
Combined with the curve in Figure 1 and Figure 2, and also the geometry as shown in Figure 3, the aggregation level distribution is obtained as shown in Table 2. 
Table 2- AL distribution for eV2X deployment using DCI with 40 bits payload
	SCS
	BLER
	Use case
	Payload
	AL=1
	AL=2
	AL=4
	AL=8
	AL=16

	30 kHz
	1e-5
	V2X (Remote Driving)
	40bit
	35.40%
	37.46%
	22.70%
	2.54%
	1.9%

	60 kHz
	1e-5
	V2X (Remote Driving)
	40bit
	35.40%
	38.19%
	21.32%
	3.71%
	1.34%


 To evaluate the impact of PDCCH blocking on URLLC UEs, we assume both a configuration with SCS 60 kHz and a configuration with SCS 30 kHz for a carrier bandwidth of 40MHz. For SCS 30 kHz 1/2-slot based scheduling with 1OS CORESET and for SCS 60 kHz per slot scheduling with 1OS CORESET and is applied. This provides 4 PDCCH transmission opportunities per millisecond. These configurations are shown in Figure 4(a) and Figure 4(b) below. 
[image: ]
(a)
[image: ]
(b)
Figure 4 – Simulation configuration to evaluate PDCCH blocking for V2X case and Electrical Power Distribution.
In our simulations, we investigated the percentage of UEs being able to be scheduled within 1ms for the Remote Driving use case. If it is not possible then the packet is regarded as “blocked”. The more users that are configured in the cell, the more data packets are generated. This increases the PDCCH blocking probability. Thus, the ratio of UEs satisfying the requirements decrease when the number of configured users is increased. In the evaluation it is assumed that the PDCCH blocking probability has to be lower than the PDCCH reliability. 
Table 3 the ratio of UEs satisfying the 1ms latency and PDCCH blocking smaller than 1e-5 
	Use case
	SCS
	BLER
	UE number

	
	
	
	10
	15
	20
	30

	V2X
	30
	10^-5
	80%
	73.33%
	60%
	50%

	
	60
	10^-5
	70%
	66.67%
	60%
	36.67%


Observation 2: 
· Even for a moderate number of users, only a certain percentage of UEs could meet the latency requirement, e.g. for 30 kHz SCS and 10 configured users, only 80% of the UEs could be scheduled within 1 ms. 
· The number of URLLCs users that can be supported is heavily impacted by PDCCH blocking.
Proposal 1: RAN1 shall investigate enhanced schemes for URLLC to reduce the PDCCH blocking probability. 
In the following sections, compact DCI and PDCCH repetition are evaluated with respect to their capability to decrease PDCCH blocking.
Compact DCI
Compared with normal DCI with large AL, introducing a compact DCI with smaller payload size is also helpful for guaranteeing reliability. In addition, compact DCI achieves better link level performance as compared to the normal DCI with the same AL value, which result in smaller AL to meet the reliability requirement. Thus applying compact DCI is beneficial for saving PDCCH resources for per DCI and hence the PDCCH blocking issue can be efficiently alleviated.
By performing similar evaluation as 2.1 to compact DCI with 24 bits payload size, we have the following two tables for AL distribution and the ratio of UE satisfying the 1ms latency, respectively, where normal DCI with 40 bits payload size is also evaluated as a comparison. 
Table 4 AL distributions for 24 bits DCI payload compared to 40 bits DCI payload
	SCS
	BLER
	Use case
	Payload
	AL=1
	AL=2
	AL=4
	AL=8
	AL=16

	30 kHz
	1e-5
	V2X (Remote Driving)
	24bit
	44.28%
	36.82%
	14.76%
	2.85%
	1.26%

	
	
	
	40bit
	35.40%
	37.46%
	22.70%
	2.54%
	1.9%

	60 kHz
	1e-5
	V2X (Remote Driving)
	24bit
	45.71%
	32.86%
	16.67%
	3.17%
	1.58%

	
	
	
	40bit
	35.40%
	38.19%
	21.32%
	3.71%
	1.34%


Table 5 the ratio of UE satisfying the 1ms latency and PDCCH blocking smaller than 1e-5, 40 bits and 24 bits DCI payload 
	Use case
	SCS
	BLER
	Scheme1
	#UEs

	
	
	
	
	10
	15
	20
	30

	V2X
	30
	10^-5
	40bits
	80%
	73.33%
	60%
	50%

	
	
	
	24bits
	90%
	86.67
	80%
	66.67%

	
	60
	10^-5
	40bits
	70%
	66.67%
	60%
	36.67%

	
	
	
	24bits
	90%
	80%
	70%
	60%


Observation 3: PDCCH blocking is decreased significantly by using compact DCI.
Proposal 2: Compact DCI should be supported for Rel-16 URLLC.
PDCCH repetition 
PDCCH repetition in the time domain can be used to increase the URLLC performance by reducing the PDCCH blocking. Instead of transmitting one PDCCH with high aggregation level, two repetitions with half the aggregation level are sent in different symbols. This can give a similar reliability as using the higher aggregation level, but has two advantages: 
· A finer granularity is applied in each transmission. It is then easier for the gNB scheduler to find free resources for the PDCCH transmission without blocking other users. 
· Fast feedback (e.g. PDCCH-ACK) in between two PDCCH repetitions can be introduced. Upon reception of the PDCCH-ACK, the gNB can cancel the sub-sequent PDCCH transmission, which reduces the number of needed CCEs.
The concept of PDCCH repetition with fast feedback is illustrated in Figure 5 below. The detailed design of PDCCH repetition could be seen in [4].
[image: ]
Figure 5. PDCCH repetition with fast PDCCH-ACK. One PDCCH with AL16 is split into 2 PDCCHs with AL8. Upon successful reception of the first PDCCH, a PDCCH-ACK is sent which triggers the gNB to cancel the second PDCCH.
For PDCCH repetition, considering that already the first PDCCH in most cases (e.g. 90%) is detected, there is often no need to transmit the second PDCCH. Thus, the required number of CCEs could be reduced by a factor of almost two. 
We performed the same simulations as for compact DCI also for PDCCH repetition with fast feedback. The same monitoring occasions are applied and one high aggregation level is replaced by two lower aggregation levels in different monitoring occasions. To evaluate the impact of PDCCH-ACK, it is assumed that the first PDCCH is detected with a success rate of 90% and the corresponding second transmission is cancelled. The results are shown in Table 6.
Table 6 the ratio of UE satisfying the 1ms latency and PDCCH blocking smaller than 1e-5
	Use case
	SCS
	BLER
	Scheme
	UE number

	
	
	
	
	10
	15
	20
	30

	Remote driving
	30
	10^-5
	40bits
	80%
	73.33%
	60%
	50%

	
	
	
	PDCCH rep&fast feedback
	100%
	100%
	95%
	83.33%

	
	
	
	PDCCH rep&24bit DCI
	100%
	100%
	95%
	93.33%

	
	
	
	PDCCH rep&fast feedback&24bit DCI
	100%
	100%
	100%
	96.67%

	
	60
	10^-5
	40bits
	70%
	66.67%
	60%
	36.67%

	
	
	
	PDCCH rep &fast feedback
	100%
	93.33%
	90%
	80%

	
	
	
	PDCCH rep&24bit DCI
	100%
	100%
	95%
	86.67%

	
	
	
	PDCCH rep&fast feedback&24bit DCI
	100%
	100%
	100%
	96.67%


It can be concluded that the PDCCH blocking can be greatly reduced with the introduction of PDCCH repetition and fast feedback. If both compact DCI and PDCCH repetition are supported simultaneously, the PDCCH blocking will be decreased even further. For 20 configured users, the blocking rate is eliminated and even for 30 users 96.67% could satisfy the latency and reliability requirement.
Observation 4: When using PDCCH repetition with fast feedback, the PDCCH blocking rate is decreased significantly.
· In the simulations the packet blocking rate was
· Eliminated, for 10 configured users
· Reduced to approximately 10%, for 20 configured users
· Reduced to approximately 20%, for 30 configured users
Observation 5: When supporting PDCCH repetition and compact DCI simultaneously, PDCCH blocking probability will be decreased further. 
· In the simulations the packet blocking rate was
· Eliminated, for 10 configured users
· Eliminated, for 20 configured users
· Reduced to approximately 4%, for 30 configured users
Proposal 3: Both PDCCH repetition and compact DCI should be supported for Rel-16 URLLC. 
PUSCH Enhancements
Mini-slot repetitions within a slot
In Rel-15, the slot-based aggregation/repetition is supported for grant based/grant-free PUSCH transmission to achieve higher reliability, where one TB can be repeatedly transmitted over consecutive slots using the same time-frequency resource. However, for URLLC, a PUSCH with length of a few symbols (i.e. mini-slot PUSCH) may be more suitable in some cases due to stringent latency requirements. However, with the slot-based repetition scheme, only one mini-slot based PUSCH repetition is allowed to be transmitted within per slot, thus the multiple repetitions are assigned on multiple slots with a non-contiguous manner. This may potentially impact latency since there is the gap of one slot between two adjacent mini-slot PUSCH repetitions. 
To enhance the latency performance in Rel-16, mini-slot based repetitions within a slot should be supported for providing more opportunities within a slot to deliver a packet in a timely manner. 
To support mini-slot based repetition/retransmission, a couple of issues need to be further studied.
Slot boundary crossing
One issue is whether the total duration of the mini-slot repetitions should be limited within one slot or can cross slot boundary. When mini-slot based repetition within a slot is introduced, it is possible that the total length of the repetitions is longer than a slot when the mini-slot length is larger than 1 symbol. Therefore, it needs to be discussed whether the total duration of the mini-slot repetitions should be limited within one slot or can cross slot boundary. To guarantee the repetition number, the remaining repetitions should be allowed to be postponed to the next slot instead of being dropped if one slot cannot accommodate all repetitions.
Another issue is whether to allow one single mini-slot PUSCH to cross a slot boundary in case the repetitions are not finished but the remaining symbols of the current slot cannot accommodate one mini-slot. If a mini-slot PUSCH is allowed to cross the slot boundary, it may cause interference to another UE on both slots. In addition, the scrambling for this mini-slot needs to be re-considered. Therefore, if one mini-slot among multiple mini-slot repetitions are allocated to cross slot boundary, the UE should drop or postpone this mini-slot PUSCH to the next slot. If it is postponed, the starting point of the mini-slot PUSCH in the next slot should be further studied, e.g., the starting point can be the slot boundary of the next slot, or same to starting point of the multiple mini-slot repetitions within the current slot.
Proposal 4: Mini-slot based repetition should be supported in Rel-16 URLLC.
· Any single PUSCH of the repetitions should not be allowed to cross slot boundary.
· The remaining mini-slot repetition(s) should be allowed to be postponed to the next slot if one slot cannot hold all the repetitions.
DMRS sharing
In Rel-15, the mini-slot repetitions should be located at separate slots, and the DMRS is included by each of the repetitions to guarantee the decoding performance. In Rel-16, if the mini-slot repetitions can be transmitted in a back-to-back manner, it is possible to reduce the DMRS overhead by DMRS sharing among the multiple repetitions without much impact to the channel estimation accuracy. The resources could be saved for transmitting more data symbols to enhance the reliability and latency.
Therefore, it is beneficial to investigate the DMRS sharing mechanism, which have already been supported by LTE latency reduction and LTE URLLC. E.g., for a cluster of mini-slot back-to-back PUSCH repetitions, DMRS is only included in the first PUSCH among them, while the remaining PUSCHs do not include DMRS, and can be decoded by using the DMRS of the first PUSCH. 
Take Figure 6 as an example, in Figure 6 (a), there are 4 DMRS symbols in per slot if DMRS is contained in each PUSCH, thus 4 PUSCH repetitions are included in one slot. In contrast, if one DMRS is shared by 3 contiguous PUSCHs as shown in Figure 6 (b), the overhead of DMRS is reduced by half, and more resources can be used for data transmission so that the number of repetitions in the slot can increase to 6.

Figure 6. DMRS sharing for mini-slot repetitions within per slot
Several issues for DMRS sharing should be considered when DMRS sharing is adopted for contiguous mini-slot repetitions. One issue is how to inform the time domain position(s) of the DMRS symbol(s). A natural solution is that the gNB can configure or indicate the DMRS density or the DMRS pattern for the repetitions, then the UE can determine the time position of each DMRS within the repetitions. Another issue is the DMRS cannot be shared for decoding a PUSCH if the interruption occurs in between, since the phase coherency may no longer be kept given the RF is inactive during the interruption. Considering the interruption cases may happen during the repetitions in NR, e.g., when there is a collision with the ‘DL’ symbol configured by SFI, when the repetitions cross the slot boundary, or frequency hopping occurs, etc., it should be guaranteed that front-loaded DMRS is included at the starting transmission after resuming from an interruption.
Proposal 5: DMRS sharing mechanism should be studied for contiguous mini-slot repetitions within one slot to reduce the DMRS overhead and thereby saving resources for UL-SCH transmission.
Frequency hopping
Intra-slot and inter-slot frequency hopping modes for PUSCH are supported by Rel-15. After introducing mini-slot repetition within a slot, intra-slot and inter-slot frequency hopping patterns can also be studied. For the intra-slot frequency hopping pattern, it should be studied whether the hopping only occurs among different repetitions as shown in Figure 7 (a), i.e. without data splitting, or can occur within a repetition as shown in Figure 7 (b), i.e., with data splitting. The former pattern has lower DMRS overhead since only one DMRS is required for per repetition instead of two DMRSs for per repetition as required for the latter. 
For inter-slot frequency hopping, a straightforward way is that the repetitions in the same slot are in the same frequency while those in the next slot are hopped to a different frequency.
 
(a)
 
(b)
Figure 7. Intra-slot hopping for mini-slot repetitions within per slot.
Proposal 6: Intra-slot and inter-slot frequency hopping for mini-slot based repetition could be considered in NR Rel-16. The following schemes could be further studied: 
· Intra-slot frequency hopping for mini-slot based repetitions
· Without data splitting within each PUSCH transmission
· With data splitting within each PUSCH 
· Inter-slot frequency hopping for mini-slot repetition, where the repetitions in the same slot are in the same frequency while those in the next slot are hopped to a different frequency.
PUSCH repetition with early termination 
In addition to repetition, early termination is also a common way to save system resource. As soon as the network has correctly decoded the data, it should feedback an explicit ACK to the UE to stop the on-going repeated transmissions. This can obviously improve the link efficiency of repetition. If early termination is not supported for URLLC, the link efficiency of repetition would be very low, as the UE keeps sending the on-going repetition. This would increase the possibility of traffic blocking, as other URLLC traffic has to wait until the scheduled on-going repetition is completed.
The DCI format for the explicit HARQ-ACK can be UE-specific DCI, e.g. with the same HARQ ID and NDI toggled, or group common DCI, where a group of explicit ACK feedback bits is gathered from multiple UEs (i.e. each UE with one or few bits).
These approaches may be used in conjunction with the slot-based repetition or a repetition with time gap (e.g. configured in the number of symbols) between repeated PUSCHs to allow the ACK feedback from the network to arrive before the configured number of repetitions is reached. This is still applicable to URLLC use cases where latency is not very stringent.
Proposal 7: An explicit HARQ-ACK feedback from the network to UE for early termination of PUSCH repetition could be considered for Rel-16 URLLC.
· Both UE-specific DCI and group common DCI could be considered to carry the explicit ACK feedback. 
Enhancements on UCI
UCI carries critical UL control information, including HARQ-ACK, CSI, and SR, for which the reliability and latency should be guaranteed in high priority. As Rel-16 URLLC requires higher reliability and lower latency, it is necessary to study the enhancements of UCI on PUCCH and PUSCH to guarantee fast and robust control information report.
HARQ-ACK feedback
Principles for enhancements
According to the discussion in RAN1#94 meeting, motivations to enable more than one HARQ-ACK transmissions within one slot could be briefly classified into the following three categories. Firstly, the direct motivation is to enable two or more ACK/NACK feedback at different locations within a slot, i.e., circumvent the ACK/NACK multiplexing and hence reduce the feedback delay. For example, as shown in Figure 1, two URLLC packets arrive closely and are transmitted on PDSCH 1 and PDSCH 2 within one DL slot. The corresponding ACK/NACK 1 and ACK/NACK 2 would be fed back as soon as possible to reduce the feedback delay, and the earliest feedback locations are at the beginning and ending, respectively, of the same slot. 
Secondly, it is beneficial to enable separate ACK/NACK feedback for eMBB service and URLLC service due to the different latency and reliability requirement.
Finally, enabling more than one HARQ-ACK transmission within one slot can improve the semi-static codebook feedback mechanism in case of intra-UE DL multiplexing. Specifically, if intra-UE DL multiplexing is supported, a latter urgent URLLC PDSCH (e.g. PDSCH 2) may occupy some resources of early scheduled eMBB PDSCH (PDSCH 1) for transmission. In such a case, UE is expected to feed back both the HARQ-ACK for eMBB PDSCH (e.g., HARQ-ACK 1) and the HARQ-ACK for URLLC PDSCH (e.g., HARQ-ACK 2). However, according to the Rel-15 mechanism, only one HARQ-ACK bit would be generated for overlapping PDSCH occasions, especially overlapping occasions with the same start symbol.
			


[bookmark: _Ref519857221]Figure 8: Separate ACK/NACK feedback for two URLLC PDSCHs
Based on the above motivations, it is desired to design a unified solution accommodating all the proposed motivations.
Proposal 8: For more than one HARQ-ACK transmission within one slot, a unified solution applying well to both dynamic codebook and semi-static codebook configurations should be designed by considering 
· Latency reduction for URLLC ACK/NACK feedback;
· Separate ACK/NACK feedback for URLLC service and eMBB service;
· Separate ACK/NACK feedback for overlapped PDSCHs.
Potential solutions
Based on the above HARQ-ACK enhancement principles, how to design the codebook of the HARQ-ACK feedbacks within one slot should be further studied.
One simple way following the proposed design principle is to introduce a codebook indictor. As a result, UE could group the ACK/NACKs within one slot into different codebooks according to the indicator directly and then feedback these codebooks in different PUCCH resources indicated by different DCIs triggering different ACK/NACK codebooks. This method is mainly designed for separate ACK/NACK feedback for URLLC and eMBB, and also is helpful to reduce the feedback latency. Meanwhile, the codebook indicator could be carried by DCI, and hence the method applies to the dynamic codebook configuration well. On the other hand, the codebook indicator could be configured and hence this method can also apply to the semi-static codebook configuration. However, it must be guaranteed that the allocated PUCCH resources for different codebooks are TDMed, or it is necessary to define the prioritization/multiplexing procedure when two or more PUCCHs carrying ACK/NACK overlaps with each other. 
Another solution is to enable a new timing indication with smaller granularity, e.g., symbol-level or half-slot-level timing indication. Obviously, this method is helpful to reduce the feedback delay for URLLC ACK/NACK, and also applies well to both dynamic and semi-static codebook configurations. For example, assuming a half-slot-level indication, all ACK/NACKs scheduled in the same half-slot would be included in one codebook and fed back together, and hence the feedback delay incurred by ACK/NACK multiplexing would be reduced at least by a half. However, currently, both the PDSCH occasion and the PUCCH resource are defined within a slot, i.e., relative to the start of a slot, and how to handle the cross half-slot issues should be carefully considered. The problem would be more severe if the granularity is further reduced to one or two symbols. Moreover, the method cannot support separate ACK/NACK feedback for URLLC and eMBB services directly, and may be applicable if multiple timing granularities are configured for URLLC ACK/NACK and eMBB ACK/NACK.  
Also, the reference point for the new timing indication can be redefined. In Rel-15, the reference point for K1 is the slot in which PDSCH transmits. For non-slot based PDSCH, the ending symbol of PDSCH can be in any position within a slot except the first symbol. As the set for K1 candidate values is semi-persistent configured, it will be redundant for some PDSCH scheduling. For example, when the end symbol of PDSCH is the last symbol of the slot, value 0 of K1 cannot be used. But when the end symbol of PDSCH is the second symbol of the slot, value 0 of K1 is necessary for capability 2 UE to ensure the low latency. For Rel16 URLLC UE, the reference point can be redefined by considering the UE PDSCH processing procedure time. For example, symbol L is the earliest symbol UE can transmit HARQ-ACK, the reference point can be the time unit in which the symbol L locates. As discussed above, the granularity of the time unit can be symbol-level or half-slot-level. By defining the new reference point, the candidate values for timing indication in the RRC-configured sets can by fully used.
Proposal 9: The following three methods could be considered as enabling solutions for more than one HARQ-ACK transmission within one slot
· Grouping ACK/NACKs within one slot by introducing codebook indicator.
· Finer indication for HARQ feedback timing with the granularity of half slot level or symbol level.
· Redefining the reference point for HARQ-ACK timing indication considering the UE PDSCH processing procedure time.
CSI feedback
Fast CSI feedback is beneficial to link adaption so that the gNB can provide precise MCS and resource assignment (RA) under scenarios where the channel varies fast. E.g., the gNB could trigger the aCSI feedback on a short PUCCH/PUSCH as soon as the DL traffic arrives and the DL transmission is performed, and after the CSI feedback the gNB can adjust the MCS and RA to guarantee the next transmission is more efficient and reliable. It has been supported to trigger fast aCSI feedback by UL grant, but it requires additional overhead of UL grant, which may lead to potential PDCCH blocking issue especially in DL dominant case. To avoid redundant DCI overhead on triggering aCSI, it can be considered to trigger aCSI transmission on short PUCCH with DL DCI instead of UL DCI.
Proposal 10: A-CSI report triggered by DL-related DCI on short PUCCH should be considered in Rel-16 for URLLC.
Considering the DL DCI also includes the indication of HARQ-ACK feedback timing and resources, whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be further studied. E.g., the timing indication for HARQ-ACK and aCSI can be separate given that processing time for data decoding and CSI measurement are generally different, but additional bit field is needed in DL DCI. Alternatively, the HARQ-ACK and aCSI can reuse the same resource allocation field but with separate interpretation to the field and mapped to different resources, so the DCI overhead is saved. 
In addition, the current aCSI feedback delay is larger than HARQ-ACK feedback delay, thus in case the gNB transmits PDSCH and at the same time triggers aCSI feedback, the gNB may need to wait for the aCSI feedback after receiving NACK for the PDSCH to adjust RA and MCS before performing the corresponding retransmission. Hence the retransmission is delayed. Therefore, how to support fast CSI measurement for URLLC traffic also needs to be studied. E.g., CSI measurement can be based on DMRS estimation to derive a coarse SINR result for MCS adjustment and power control motivation. More details are discussed in [5]. 
Proposal 11: Rel-16 URLLC should support A-CSI report on short PUCCH triggered by DL DCI. 
· Whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be studied.
· How to enable fast CSI measurement for URLLC traffic needs to be studied.
Enhancements on processing timeline
Due to the motivation of easy implementation and slight spec effort, there are two limitations imposed on the scheduling timeline as per current Rel-15 specifications. 
One limitation is that the UE cannot receive a scheduled unicast PDSCH transmission with the same HARQ ID until the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ ID. But this limitation has a strong restriction to URLLC utilization for which it is beneficial to allow the gNB to re-schedule a PDSCH with the same HARQ ID according to the updated CSI information before the expected HARQ-ACK feedback. 
Observation 6: The DL system resource efficiency could be low if the UE is not allowed to receive a new scheduled unicast PDSCH transmission with a HARQ ID before the HARQ-ACK for an earlier transmission with the same HARQ ID is transmitted.
To support more flexible scheduling timeline and better serve latency sensitive traffics, we suggest that the above limitation on scheduling and HARQ/scheduling should be removed. 
Besides the processing time for scheduling/HARQ-ACK, the processing time for CSI feedback could also be enhanced to benefit URLLC transmissions. E.g., the aCSI feedback delay is larger than HARQ-ACK feedback delay so that it is not feasible with respect to the current timeline to trigger HARQ-ACK and aCSI to be reported at the same time when the DL URLLC traffic arrives. The solution to enable fast CSI measurement for URLLC traffic as mentioned in 4.2. More details are discussed in [6].
Proposal 12: The scheduling/HARQ scheduling limitation in Rel-15 should be removed for Rel-16 URLLC, and the UE can have the following behavior:
· For each HARQ process ID, the UE can receive a scheduled unicast PDSCH transmission with the same HARQ process ID before the end of the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ process ID.
Conclusions
The contribution mainly discusses each potential enhancement for L1 improvements, including PDCCH enhancements, PUSCH enhancements, enhancements on UCI, and enhancements to the processing timeline. Based on the discussions, the following observations and proposals are given:
For PDCCH enhancements,
Observation 1: The single user PDCCH reliability requirement of 99.999% can be fulfilled with Rel-15 technology by using the payload size of 40 bits and AL16.  
Observation 2: 
· Even for a moderate number of users, only a certain percentage of UEs could meet the latency requirement, e.g. for 30 kHz SCS and 10 configured users, only 80% of the UEs could be scheduled within 1 ms. 
· The number of URLLCs users that can be supported is heavily impacted by PDCCH blocking.
Observation 3: PDCCH blocking is decreased significantly by using compact DCI.
Observation 4: When using PDCCH repetition with fast feedback, the PDCCH blocking rate is decreased significantly.
· In the simulations the packet blocking rate was
· Eliminated, for 10 configured users
· Reduced to approximately 10%, for 20 configured users
· Reduced to approximately 20%, for 30 configured users
Observation 5: When supporting PDCCH repetition and compact DCI simultaneously, PDCCH blocking probability will be decreased further. 
· In the simulations the packet blocking rate was
· Eliminated, for 10 configured users
· Eliminated, for 20 configured users
· Reduced to approximately 4%, for 30 configured users
Proposal 1: RAN1 shall investigate enhanced schemes for URLLC to reduce the PDCCH blocking probability. 
Proposal 2: Compact DCI should be supported for Rel-16 URLLC.
Proposal 3: Both PDCCH repetition and compact DCI should be supported for Rel-16 URLLC. 
For PUSCH enhancements,
Proposal 4: Mini-slot based repetition should be supported in Rel-16 URLLC.
· Any single PUSCH of the repetitions should not be allowed to cross slot boundary.
· The remaining mini-slot repetition(s) should be allowed to be postponed to the next slot if one slot cannot hold all the repetitions.
Proposal 5: DMRS sharing mechanism should be studied for contiguous mini-slot repetitions within one slot to reduce the DMRS overhead and thereby saving resources for UL-SCH transmission.
Proposal 6: Intra-slot and inter-slot frequency hopping for mini-slot based repetition could be considered in NR Rel-16. The following schemes could be further studied: 
· [bookmark: _GoBack]Intra-slot frequency hopping for mini-slot based repetitions
· Without data splitting within each PUSCH transmission
· With data splitting within each PUSCH 
· Inter-slot frequency hopping for mini-slot repetition/retransmission, where the repetitions in the same slot are in the same frequency while those in the next slot are hopped to a different frequency.
Proposal 7: An explicit HARQ-ACK feedback from the network to UE for early termination of PUSCH repetition could be considered for Rel-16 URLLC.
· Both UE-specific DCI and group common DCI could be considered to carry the explicit ACK feedback. 
For HARQ-ACK enhancements,
Proposal 8: For more than one HARQ-ACK transmission within one slot, a unified solution applying well to both dynamic codebook and semi-static codebook configurations should be designed by considering 
· Latency reduction for URLLC ACK/NACK feedback;
· Separate ACK/NACK feedback for URLLC service and eMBB service;
· Separate ACK/NACK feedback for overlapped PDSCHs.
Proposal 9: The following three methods could be considered as enabling solutions for more than one HARQ-ACK transmission within one slot
· Grouping ACK/NACKs within one slot by introducing codebook indicator.
· Finer indication for HARQ feedback timing with the granularity of half slot level or symbol level.
· Redefining the reference point for HARQ-ACK timing indication considering the UE PDSCH processing procedure time.
For CSI enhancements,
Proposal 10: A-CSI report triggered by DL-related DCI on short PUCCH should be considered in Rel-16 for URLLC.
Proposal 11: Rel-16 URLLC should support A-CSI report on short PUCCH triggered by DL DCI. 
· Whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be studied.
· How to enable fast CSI measurement for URLLC traffic needs to be studied.
For enhancements on processing timeline,
Observation 6: The DL system resource efficiency could be low if the UE is not allowed to receive a new scheduled unicast PDSCH transmission with a HARQ ID before the HARQ-ACK for an earlier transmission with the same HARQ ID is transmitted.
Proposal 12: The scheduling/HARQ scheduling limitation in Rel-15 should be removed for Rel-16 URLLC, and the UE can have the following behavior:
· For each HARQ process ID, the UE can receive a scheduled unicast PDSCH transmission with the same HARQ process ID before the end of the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ process ID.
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Appendix 1
Table A1 Simulation assumptions
	Parameters
	Description

	DCI payload (excluding 24bits CRC)
	40bits, 24bits 

	System bandwidth
	40MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	2(60kHz),1(30kHz)

	CORESET BW (contiguous PRB allocation)
	40MHz

	Subcarrier spacing
	60kHz/30kHz

	Aggregation level
	1,2,4,8,16

	Transmission type
	Interleaved

	REG bundling size
	2

	Modulation 
	QPSK

	Channel coding
	Polar code 

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-C (delay spread: 300ns) 

	UE speed
	60 km/h  

	Number of BS antennas
	4Tx

	Number of UE antennas
	4Rx 



Appendix 2
Table A2 Simulation assumptions
	Parameters
	Description

	CORESET frequency domain
	40 MHz

	SCS
	60kHz/30kHz

	Scheduling
	60kHz:per-slot scheduling, 1st  in a slot used for control
30kHz: two occasions in one slot.

	UE distribution
	Similar as Option A in 37.885
- Vehicle type distribution: 100% vehicle type 2.
- Vehicle speed is 60 km/h in all the lanes.

	Traffic model
	FTP Model 3, packet arriving rate in higher layer 60/s, split into 2 packets in average for physical layer transmission

	Packet blocking criterion
	1ms PDCCH scheduling attempts




TDL-C, 300ns,4G, 4Tx*4Rx,60kHz-NCP

40bits,AL16	-13	-12	-11	-10	-9	-8	-7	-6	0.82072000000000001	0.44151000000000001	0.10749	9.3699999999999999E-3	2.7E-4	1.0000000000000001E-5	40bits,AL8	-10	-9	-8	-7	-6	-5.8	-4	0.49508000000000002	0.16188	2.3789999999999999E-2	1.3600000000000001E-3	3.0000000000000001E-5	1.0000000000000001E-5	40bits,AL4	-10	-9	-8	-7	-6	-5	-4.2	-3.5	0.93213000000000001	0.72933999999999999	0.39201000000000003	0.11978999999999999	1.6199999999999999E-2	1E-3	1E-4	1.0000000000000001E-5	40bits,AL2	-8	-7	-6	-5	-4	-3	-2	-1	0.2	1	0.94523999999999997	0.80474000000000001	0.54096999999999995	0.25557999999999997	7.9680000000000001E-2	1.652E-2	2.2200000000000002E-3	2.2000000000000001E-4	1.0000000000000001E-5	40bits,AL1	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	0.91776999999999997	0.78103999999999996	0.57325999999999999	0.34599999999999997	0.16885	6.744E-2	2.2550000000000001E-2	6.2899999999999996E-3	1.3699999999999999E-3	2.5999999999999998E-4	5.0000000000000002E-5	1.0000000000000001E-5	SNR


BLER




TDL-C, 300ns,4G, 4Tx*4Rx,30kHz

40bits,AL16	-13	-12	-11	-10	-9	-8.1999999999999993	-7	-6	-5	-4	0.82054000000000005	0.44141999999999998	0.10717	9.5899999999999996E-3	2.3000000000000001E-4	1.0000000000000001E-5	40bits,AL8	-10	-9	-8	-7	-6	-5	-4	0.38399	9.9330000000000002E-2	1.0370000000000001E-2	5.1000000000000004E-4	5.0000000000000004E-6	40bits,AL4	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3.7	0.99926000000000004	0.99100999999999995	0.93411999999999995	0.73734	0.39455000000000001	0.12039	1.8429999999999998E-2	1.34E-3	3.0000000000000001E-5	1.0000000000000001E-5	40bits,AL2	-8	-7	-6	-5	-4	-3	-2	-1	0	1	0.94645000000000001	0.80601	0.54271999999999998	0.25474000000000002	7.8839999999999993E-2	1.618E-2	2.1800000000000001E-3	1.4999999999999999E-4	1.0000000000000001E-5	40bits,AL1	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	0.91693999999999998	0.78137999999999996	0.56986999999999999	0.34337000000000001	0.16528000000000001	6.4750000000000002E-2	2.018E-2	6.0000000000000001E-3	1.4300000000000001E-3	2.9E-4	6.0000000000000002E-5	1.0000000000000001E-5	SNR


BLER
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