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1. Introduction
The support of URLLC incurs high demands on the detection reliability of control and data as well as on the capability for fast processing and feedback. 
In Rel-15, the framework for the basic URLLC functionality was defined and the supported mechanisms ensure that the stringent reliability requirements were met from a single user perspective. However, Rel-15 is not and was not intended to be optimized for URLLC. For the support of multiple users or mixed services, Rel-15 URLLC basically relies on eMBB mechanisms. 
In this contribution we discuss shortcomings and areas of improvements for the URLLC support in Rel-15 and propose possible enhancements to be introduced in Rel-16. 

2. Discussion
2.1 Evaluation framework
The RAN1 discussions during Rel-15 considered only single link performance.  For a given number of users, it has not been evaluated how many data packets out of the total number can be decoded successfully within the required latency.
Observation 1: The URLLC discussions in RAN1 for Rel-15 focused on the reliability aspect for single link performance. System level aspects have not been assessed by RAN1.
The more users are supported in a cell, the more traffic is generated and the more likely it is that packets collide. In TS 38.913, it is stated that (1-(10-5)) of the packets should be delivered successfully within 1ms. From a certain number of users onwards, the system load will become too high to support URLLC. The number of supported users per cell is an important aspect for the commercial success of URLLC and should be considered as a key metric.
For the Rel-16 URLLC item, it is important to assess on how well Rel-15 can support the prioritized URLLC use cases, e.g. those identified in the first phase of this email discussion. The SA requirements for the corresponding URLLC use cases shall be translated into RAN1 system level evaluations, including practical simulation assumptions such as layout, number of devices, etc. Such study/evaluation is valuable to the industry, as it will provide better understanding on how much radio resource will be needed for the practical URLLC deployments.
Proposal 1:  URLLC Rel-16 should assess whether Rel-15 can support the prioritized URLLC use cases identified in the first phase of this email discussion; The number of supported URLLC users per cell shall be included as a key evaluation metric for Rel-16.

2.2 PDCCH
PDCCH blocking
The bottleneck to provide sufficient URLLC capacity is the PDCCH scheduling capacity. This was already identified during the Rel-15 work by various companies, e.g. [1], [2]. Since the primary goal for Rel-15 was to ensure single-link performance, these findings were not taken into account when the URLLC schemes for Rel-15 were discussed and agreed. The PDCCH scheduling capacity needs to be further studied in Rel-16. 
In [1], we simulated the PDCCH blocking for the existing Rel-15 scheme. A DCI payload of 40 bits excluding CRC was assumed. Based on the UE distribution according to the 5th percentile in UMA and link level simulations, the required CCE aggregation level distribution was calculated. From Table 1 it can be seen that a substantial number of users require AL8 or AL16.

Table 1 – AL distribution in the simulation for DCI with 40 bits payload and BLERs =10-5, 10-3 [1]
	
	AL16
	AL8
	AL4
	AL2
	AL1

	10-5 BLER
	21%
	37%
	20%
	17%
	5%

	10-3 BLER
	14%
	24%
	16%
	30%
	16%


To evaluate the impact of PDCCH blocking on URLLC UEs, we assumed in [1] a configuration with SCS 60 kHz, a carrier bandwidth of 80 MHz and half-slot based scheduling. Then, for example one candidate with AL16 can be mapped in the beginning of the slot and another one in the middle of the slot. We evaluated how many packets generated by N users can be scheduled within two transmission attempts. If this is not possible, then the packet is regarded as “blocked”. When more users are configured in a cell, the PDCCH blocking probability increases as a higher percentage of the generated data packets cannot be transmitted within the required latency. From the simulation results in Table 2 it can be seen that for a low BLER requirement with just 5 users in the cell, 16% of the packets are blocked. 
Table 2 – Percentage of blocked packets for N users, 40 bits DCI payload, [2] 
	N Users
	1
	5
	10
	15
	20

	10-5 BLER
	0%
	16%
	23.35%
	53.47%
	68.72%

	10-3 BLER
	0%
	0%
	1.2%
	33.69%
	58.9%



To mitigate the PDCCH blocking issue, solutions already discussed in Rel-15 such as compact DCI and PDCCH repetition with fast feedback in [1], can be considered among candidate solutions. 
From the investigation during Rel-15, it was found that with compact DCI, the number of users in a cell that need a high CCE aggregation level is reduced. This causes less blocking since the same reliability is achieved with a lower aggregation level. For PDCCH repetition with fast feedback, the gNB has the possibility to reduce the number of occupied CCEs by almost 50% without sacrificing the overall reliability. From the link-level simulation results in [1] and illustrated in Table 3, it can be seen that for 1-10 configured users, the success rate of delivered packets is improved significantly.  
Table 3 – Percentage of blocked packets for N users, 40 bits DCI payload, 24 bits DCI payload and 40 bits DCI payload with PDCCH repetition [2] 
	
	N Users
	1
	5
	10
	15
	20

	R15 baseline
	10-5 BLER, 40 bits payload
	0%
	16%
	23.35%
	53.47%
	68.72%

	Compact DCI
	10-5 BLER, 24 bits payload
	0%
	1.1%
	5.29%
	43.57%
	64.17%

	PDCCH repetition with fast feedback
	40 bits DCI
PDCCH rep, fast feedback
	0%
	0.002%
	5.16%
	25.56%
	55.26%


It is observed that enhanced PDCCH schemes such as compact DCI and PDCCH repetition can significantly reduce the PDCCH blocking and increase the number of supported users. 
Observation 2: Compact DCI and PDCCH repetition with fast feedback can effectively mitigate PDCCH blocking issues and increase the number of supported URLLC users.
Minimum SINR imbalance between URLLC and eMBB 
In Rel-15, the minimum assumed SINR for URLLC is -4dB. The minimum SINR for eMBB is much lower, typically below -7dB for PDCCH operation. Several companies have raised concerns about this mismatch which results in different coverage for different services. For Rel-16, for certain use cases, the minimum operating SINR for URLLC should be reconsidered. RAN1 shall investigate enhanced schemes to allow URLLC to be operating at a lower minimum SINR. 
Observation 3: The minimum SINRs for URLLC and eMBB are not balanced in Rel-15.
Proposal 2: The following enhancements on PDCCH shall be studied:
· Compact DCI
· PDCCH repetition with fast feedback

2.3 PDSCH/PUSCH
Data blocking issue
For slot aggregation, it can be seen from Table 4 in [3] that the percentage of UEs meeting target BLER of 10-5 cannot satisfy the 95% requirement. Even with a low aggregation factor 2, only 31.9% meet the BLER requirement. For a larger aggregation factor (4), the number of UEs drops to 0. Nevertheless, the needed percentage of UEs meeting URLLC requirements could be as high as 99.999% for commercial usage. The underlying reason for this system level performance drop is that the increasing number of repetitions leads to serious congestion given the same packet arrival rate. With an increased number of repetitions, more resources will be allocated to each packet transmission which results in a larger overall queuing delay. This leads either to a high amount of overdue packets or leaves insufficient time to transmit enough repetitions to satisfy the reliability requirement.
Table 4 System performance: aggregation factor L=2 vs. aggregation factor L =4
	Non-Slot aggregation factor
	Proportion of UEs satisfying target BLER of 10-5

	L =2
	31.9%

	L =4
	0



Observation 4: The basic slot/non-slot based aggregation schemes are not suitable tools for URLLC when there are multiple simultaneously active URLLC UEs in the system.
The support of ultra-reliability shall not come at the cost of excessive repetitions, and shall not compromise resource efficiency.  Therefore, PDSCH/PUSCH enhancements should be studied in Rel-16 in order to improve spectral efficiency and to reduce data channel congestion compared to time consecutive repetitions.
Enhancements
Time non-consecutive repetitions with early termination and DMRS sharing between repetitions should be studied as key technologies to improve the URLLC capacity, as opposed to time consecutive repetitions, each with self-contained DMRS as in Rel-15 in [3].
Large packet size (10Mbps in case of remote driving) should be supported in URLLC Rel-16, and soft combination of one large packet on different BWPs/Carriers should be studied in order to further improve spectral efficiency and to increase the URLLC capacity. 
Multi-TRP transmission can improve the reliability and/or resource efficiency for URLLC especially for the cell edge UEs. Thus, this technique is very useful for URLLC. Therefore, the multi-TRP transmission in Rel-16 should consider the specific needs for URLLC scenarios, e.g. improving PDCCH/PDSCH reliability within low latency boundary in [4].
For URLLC, the target BLER should be set flexibly according to the remaining time budget. For example, the target BLER of the HARQ-ACK needs to be small enough, e.g., 10-5, if only one transmission opportunity is available. In contrast, in case of three transmission opportunities, the target BLERs maybe 10-1, 10-3 and 10-5 for the first, second and third transmissions, respectively. However, the gap of required SINR for different target BLERs is very large, e.g. up to ~11 dB for target BLERs of 10-1 and 10-5 in fading channel conditions with realistic channel estimation. Therefore, the current closed loop power control (-1~3dB) mechanism cannot trace the change of BLER requirements dynamically and cannot compensate by changing the transmission power efficiently.
Proposal 3: The following enhancements on PDSCH/PUSCH shall be studied:
· Time non-consecutive repetitions with early termination 
· DMRS sharing between repetitions
· Soft combination of one large packet on different BWPs/Carriers 
· Multi-TRP transmission
· Enhanced power control 

2.4 PUCCH enhancement
Low latency CQI enhancement
Without proper CSI feedback, the gNB has to schedule the DL URLLC transmission in the most conservative way. For example, the allocated resources, MCS level, MIMO mode, transmission power etc. for each transmission should be robust enough to meet the URLLC reliability requirements. This is inefficient from the resource usage point of view. To mitigate this issue, aperiodic LL CSI (A-CSI) on short PUCCH (S-PUCCH) is proposed for quick and timely CSI acquisition and link adaption. 
In Table 5, it can be observed that LL-CSI could bring significant improvement in terms of percentage of performance guaranteed UEs, i.e. the ratio of users satisfying the 10-4 BLER target is increased to 46%, which is about 18% gain over the Scheme 1-1,simulation assumption are provided in table in Appendix. The LL-CSI can also improve the overall spectrum efficiency which could be translated directly into increased URLLC system capacity. It is observed in the simulation that the outer-loop adjustment is not sufficient to compensate the mismatch between the selected MCS and the outdated channel conditions during the short transmission time for URLLC. When the latency of LL-CSI is shorter than HARQ feedback, the MCS adjustment can be applied for the HARQ retransmission in Scheme 1-2.
Table 5 Performance comparison for Scheme 1-1 vs. Scheme 1-2
	Schemes
	Proportion of UEs meeting the BLER target of 10-4

	Scheme 1-1 (Initial transmission and one time HARQ retransmission if needed,   LL-CSI in Rel-15)
	39%

	Scheme 1-2 (Initial transmission and one time HARQ retransmission if needed, enhanced LL-CSI in Rel-16)
	46%



With a smaller LL-CQI reporting delay, a higher spectrum efficiency for URLLC is achieved. The agreed LL-CQI reporting delay even for single CQI report is not optimized in Rel-15 for URLLC, and it is even larger than the PDSCH processing time for PDSCH processing capability 1.
Aperiodic CSI (A-CSI) on PUSCH triggered by UL UCI in Rel-15 is inefficient and bundling the A-CSI report with the UL grant will unavoidably increase the control resource consumption  in order to ensure 10-5 BLER of UL DCI in PDCCH (and hence a larger PDCCH blocking probability). 
More than one PUCCH transmission within one slot
For URLLC, more than one PUCCH transmission (e.g. carrying HARQ-ACK) for a UE within one slot should be supported in Rel-16 to reduce the HARQ-ACK reporting latency.
Enhanced power control for PUCCH
Similar as PUSCH, enhanced power control for PUCCH should be studied in Rel-16.

Proposal 4: The following enhancements on PUCCH shall be studied:
· A-CSI report on S-PUCCH  and related triggering mechanism
· LL-CQI reporting delay reduction 
· More than one PUCCH transmission (e.g. carrying HARQ-ACK) for a UE within one slot
· Enhanced power control 

2.5 UCI Multiplexing
In Rel-15, various kinds of UCI multiplexing cases had been discussed, including UCI multiplexing between overlapping PUCCHs and overlapping PUCCH and PUSCH. The status for UCI multiplexing is summarized below and candidate solutions for potential improvements are suggested.
UCI multiplexing between PUCCHs
According to a Rel-15 working assumption, different UCIs on overlapping PUCCHs should be multiplexed and transmitted in one PUCCH if the timeline is satisfied. It is simply treated as an error case and no specification is defined if the timeline requirement is not satisfied. However, considering the stringent latency of URLLC traffic, the gNB has to trigger or the UE has to transmit some urgent UCIs as soon as possible, leaving insufficient time for UCI multiplexing. Moreover, UCI feedback for URLLC and eMBB should also be treated differently due to the quite different latency and reliability requirements. Hence, it is inappropriate to simply multiplex these two kinds of UCIs into one stream and to transmit them in one PUCCH resource. Therefore, it should be studied how to perform the UCI multiplexing for PUCCH repetition in Rel-16.
UCI multiplexing between PUCCH and PUSCH
With respect to UCI multiplexing between PUCCH and PUSCH, it is agreed that UCI should be piggybacked on PUSCH if the timeline is satisfied. Also, it is treated as an error case if the timeline is not satisfied. Note that this agreement is only valid for grant based PUSCH and covers only eMBB traffic. Both GF PUSCH and URLLC enhancements should be further discussed. 
If the UCI is for URLLC, e.g. A/N corresponding to DL URLLC data or A-CSI on short PUCCH, if then the UCI is piggybacked on PUSCH, the transmission latency could not be guaranteed. Hence, UCI for URLLC should be prioritized over eMBB data. If the data is for URLLC, then piggybacking UCI on PUSCH will unavoidably lead to some resource consumption and hence affect the URLLC data transmission. Since URLLC UCI or data could be identified by the distinct RNTI in DCI or simply be linked to GF transmission, it is possible to design enhanced rules when UCI is multiplexed on PUSCH.
Proposal 5: Rel-16 should study the enhancements for UCI multiplexing on PUSCH/PUCCH by distinguishing URLLC UCI/data from eMBB UCI/data and enabling different multiplexing rules for different sub-use cases to enable the reliable transmission of URLLC UCI and PUSCH.

2.6 [bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Multiplexing of URLLC and eMBB
In Rel-15, the eMBB and URLLC multiplexing on shared resources has been discussed. The status for UL/DL and inter/intra-UE multiplexing is summarized and candidate solutions for improvements are suggested.
Uplink intra-UE multiplexing
For UL intra-UE multiplexing, there are two cases: grant free URLLC multiplexed with grant based eMBB and grant based URLLC multiplexed with grant based eMBB.
· Grant free URLLC / Grant Based eMBB
For grant free transmission of URLLC, the transmission occasions have to be configured with a very short period. Thus, the typically longer eMBB transmission will be difficult to be scheduled in between the configured grant-free resources. Therefore, the resources for the GB eMBB and the GF will likely overlap. In such a typical situation, the MAC layer suppresses a possible GF transmission and only delivers the GB transmission to the physical layer. As a consequence, the URLLC transmission will be delayed, which may lead to a violation of the required latency. 
The Rel-15 solution to this problem is to simply avoid the overlapping resources: it would need to apply short transmission durations for eMBB, resulting in low efficiency. If multiplexing of GF URLLC and GB eMBB shall be supported efficiently, the current fixed selection of GB over GF should be removed from the MAC layer. Thus Rel-16 should support a dynamic selection between configured and scheduled grant.
· Grant based URLLC / Grant based eMBB
If the UE has received a grant for a PUSCH transmission (A) and then receives a new grant for another PUSCH (B), then the transmission of (B) is not allowed to happen before (A) [5]. This forbids the gNB to preempt or abort an already granted UL transmission if a high priority URLLC traffic arrives at the PHY layer. Essentially, the UE has to wait until the previously granted transmission is completed. This incurs latency. In order to fulfill the URLLC requirements, the gNB should therefore schedule the eMBB traffic very fast and with short transmission durations, which is not efficient. For Rel-16, a UE capability should be introduced that allows the PUSCH transmission of a later received grant to come before or to abort the PUSCH transmission of an earlier scheduled grant.
Uplink inter-UE multiplexing
Uplink inter-UE multiplexing on shared resources is not supported in Rel-15. In Rel-16 it could be supported with overlapped transmissions at appropriate power levels which can be decoded successfully by advanced receivers at the gNB side, or it could be supported by orthogonal resource allocation as in Rel-15. UL-preemption in case of inter-UE multiplexing is not a good solution because it will impose the high reliability and fast decoding capabilities that are typical for URLLC also on eMBB UEs. If the URLLC transmission shall not be interfered by the eMBB user, it must be ensured that the eMBB UE detects the PDCCH carrying the UL PI with a reliability that is even higher than what is required for the URLLC reception.  If the support of UL PI for eMBB UE is optional, then the ratio of eMBB UEs supporting UL PI is expected to be small. It seems that a huge standard effort is needed to introduce UL PI. Due to the unclear benefits and motivation it is not justified to study UL PI in Rel-16.
Downlink intra-UE multiplexing
DL intra-UE multiplexing is difficult to support with Rel-15 mechanisms. In Rel-15 it has been agreed for the baseline capability that the HARQ feedback has to come in the same order as their corresponding PDSCHs. Thus, when the network preempts an ongoing eMBB data transmission (A) with an URLLC burst (B), it is not allowed to set the ACK feedback time for (B) to come before the feedback for (A). This can incur a large latency for URLLC especially when retransmissions are needed. The only way to avoid this is to use short transmission durations with fast feedback for eMBB.  
[image: ]
Figure 1  HARQ out-of-order (bottom drawing) not supported in Rel-15
The above makes sense for eMBB. For URLLC, however, it should be considered to introduce HARQ out-of-order, at least as a UE capability.
Another issue to be addressed is when the UE is monitoring DL PI it might flush its own URLLC data. This is up to UE implementation in Rel-15. For Rel-16, the UE behavior should be specified to protect the URLLC data upon reception of DL PI.
Downlink inter-UE multiplexing
DL inter-UE multiplexing is generally well supported. In Rel-15, the gNB can preempt an ongoing eMBB data transmission to a UE and instead send a short URLLC transmission to another UE.
The performance of the eMBB UE can be protected with tools that were specified in Rel-15, e.g. CBG based transmission or Downlink Preemption Indication (DL PI). However, in Rel-15 the UE behavior upon reception of DL PI is unspecified. One improvement would therefore be to mandate a UE behavior upon reception of the DL PI in order to secure the performance of the impacted eMBB UE.
Proposal 6: The following enhancements on multiplexing of URLLC and eMBB shall be studied:
· UL intra-UE Tx prioritization/multiplexing, URLLC traffic identification for prioritizing URLLC transmission
· DL inter UE prioritization/multiplexing, HARQ out of order URLLC and flushing upon reception of DL PI

2.7 Grant-free enhancements
In Rel-15, the basic configured grant features have been proposed to support applications such as URLLC, but they were designed to only support the required low latency component of URLLC. In order to meet both low latency and high reliability, the grant-free (GF) features should be enhanced. 
Multiple repetitions within one slot
In Rel-15, non-slot resources are supported, e.g., 2-symbol, 4-symbol or 7-symbol resources within a slot. But only slot-based repetitions are supported while multiple repetitions within one slot are not supported.  For URLLC, multiple repetitions within one slot could be used to relax each repetition’s reliability while still securing and overall high reliability, e.g. 99.999% success rate for URLLC. 
Rel-15 grant-free transmission for a transport block (TB) can perform a flexible start position among one of the repetition TOs to support the TB random arrival. However, the current scheme will stop the TB transmission at the last configured TO within each resource periodicity, regardless of how many repetitions have been done, thus making the reliability very difficult to guarantee. Another issues is the dropping of a repetition when the TO is not available due to a conflict with the slot configuration.
Explicit HARQ-ACK feedback mechanism
The Rel-15 configured grant schemes will guarantee and support low-latency transmissions. Given that the grant-free traffic can be sparse and infrequent, a packet can arrive and be transmitted anytime. However, the current scheme assumes that the packet transmission is successful if the UE receives nothing back from the gNB within a timer period. The time-out of a grant-free transmission as an implicit ACK will lead to a big issue on reliability, especially for the URLLC high reliability requirement. For example, a signal collision due to grant-free transmissions of multiple UEs will lead to a detection failure, especially on the UE activity detection, where the grant-free to grant-based retransmission is not applicable, but each of the UEs assumes its transmission to be successful! 
As a result, assuming that a time-out for a grant-free transmission without receiving anything from the gNB is regarded as an ACK is not appropriate and not a reliable solution for the configured grant schemes. Thus, unless an explicit ACK is fed-back from the gNB, a grant-free transmission should consider the previous transmission to be unsuccessful, and can apply grant-free retransmissions.
Also, given an explicit ACK, the network is able to stop the GF repetitions if the gNB successfully decodes a TB by the first of several repetitions. In this case, the rest of the repetitions would be stopped, thus leading to reduced interference from the UE to other UEs sharing the same T/F resources and improving the system performance. As an example to show the benefits on an explicit ACK [6], Figure 2 provides the evaluation results for the repetitions with and without an ACK for early repetition termination. It is observed that when the ACK stops the remaining repetitions, a significant performance gain is achieved over the non-ACK cases.    
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Figure 2 Percentage of UEs satisfying the URLLC requirements

Multiple active GF configurations per serving cell
To support URLLC low latency and high reliability traffic, it is required to transmit the traffic immediately upon arrival. However, the arrival packet sizes can be varying and thus it is possible that some larger packets are not able to fit into a pre-configured time-frequency resource TO such that if single active GF configuration per serving cell is employed, each of these packets has to be segmented, which may end up with the latency violations for these larger packets. Therefore, multiple active GF configurations per serving cell are needed to support the URLLC services. 
Time-frequency hopping enhancement 
The Rel-15 frequency hopping scheme has fixed two hopping patterns in a slot, thus it can lead to collisions along all the hopping time intervals once two UEs start a hopping transmission from same time/frequency resources. To avoid this type of collisions, an enhanced UE specific time-frequency hopping scheme is required to improve the URLLC performance.
Proposal 7: The following enhancements on GF shall be studied:
· Mini-slot based repetition, or repetition can across the slot boundary
· Ensure to always K repetitions for reliability;
· Repetitions with frequency hopping
· Explicit DL ACK/NACK feedback
· Multiple active configurations for GF

2.8 TSN support in Rel-16 URLLC
Time synchronization
To realize time synchronization among UEs, a time reference should be provided by gNB. Since UEs may be connected to networks in various ways, e.g. Industrial Ethernet and wireless, a common time reference is preferred to unify the time clock among UEs under various networks. For example, for UEs in NR networks and fixed networks, if they will be coordinated for certain tasks, a common time reference will be a good choice and has less complexity; otherwise, there will be additional co-ordination efforts for these UEs. UTC and GPS have been widely deployed and they are good practices to use as the common time reference.
In Rel-15 NR, it has already been specified that gNB indicates to the UE the GPS/UTC time in SIB-9 with 10ms granularity. But it introduces up to +/-5ms timing error and cannot satisfy the requirement of time synchronization between UE and the common time reference in a us-level accuracy. So Rel-16 URLLC should specify mechanism(s) to enable the gNB to deliver more accurate common time reference information to the UE(s). Basically it can be realized by two kinds of mechanisms: broadcast mode, i.e. via system information, and unicast mode, i.e. via dedicated RRC signaling. Both of the two modes can be defined as they can be used in different scenarios. For free service with no stringent  requirement on security,  the broadcast mode is preferred since it has less overhead. For some industrial applications which need even more reliable time information, the unicast mode is more suitable because dedicated RRC signaling is transmitted with ciphering and integrity protection and will not be impacted by jammer. 
After acquiring the common time reference indicated by the RAN node, the UE should further use the downlink propagation delay to amend the acquired common time and to improve the timing accuracy. This procedure is necessary as the downlink propagation, which may be at the level of dozens of microseconds, cannot be ignored in many application scenarios such as industry and smart grid which require 1~10 microseconds timing accuracy between devices. The estimated downlink propagation delay can be acquired from gNB through the TA mechanism. Then the amendment can be simply expressed as: , where  denotes the uplink timing advance, and the downlink propagation delay can be approximately seen as half of the uplink timing advance.
In addition, the legacy TA mechanism is designed just to satisfy the timing accuracy requirement of general data communication, which just needs about CP-level timing accuracy. However, some application scenarios need devices be synchronized at very high accuracy, e.g. 1us, which cannot be ensured only by legacy TA mechanism. So a processing of  re-synchronization between gNB and UE should be applied, which relies on physical signal detection to let UE timely update the downlink frame timing and the uplink timing advance. Moreover, periodic time synchronization processing should be applied to overcome the impact of timing drift in UE due to residual carrier frequency offset and the frequency drift of crystal oscillator.
According to the above discussion, the timing accuracy between UE and the common time reference is mainly determined by the downlink frame timing accuracy, the uplink timing advance accuracy and the granularity of the common time reference indication. So from the sourcing company’s perspective, the TSN associated discussion can be RAN1 lead to first evaluate the current performance of timing accuracy in Rel-15 NR and identify the performance gap between the current situation and the requirement, and then the corresponding enhancements can be studied respectively.
Proposal 8: Rel-16 URLLC should study (RAN1 lead) the time synchronization mechanism between UE and common time reference with gNB assistance, mainly including:
· Evaluate the current performance of timing accuracy between UE and the common time reference in Rel-15 NR, and identify the performance gap between the current situation and the requirement.
· Study the possible enhancements according to the evaluation, possibly including:
· Mechanism for the delivery of the accurate common time reference information from gNB to UE.
· Methods and procedures of the re-synchronization processing between UE and gNB aiming to improve the accuracy of the downlink frame timing and uplink timing advance.
Deterministic transmission
To support deterministic transmission, it is required to ensure low jitter transmission together with low latency. Some new QoS parameters such as jitter and cycle time should be introduced. Time-aware scheduling can help the gNB to make a better scheduling strategy ensuring the E2E latency and jitter. For application with survival time, dynamic reliability adjustment is required to avoid consecutive packets failure.
Proposal 9: Rel-16 URLLC should study the mechanism to ensure the low jitter transmission. 

3. Conclusion
Rel-15 gives the fundamental framework for URLLC. It is ensured that the URLLC requirements are met for a single user. However, Rel-15 is not optimized for commercial applicability over wider range of use cases. 
In this contribution we have analyzed shortcomings of Rel-15 and propose potential solutions for Rel-16. Our findings are summarized below:

	Topic
	Status in Rel-15
	Potential Enhancements for Rel-16

	Evaluation framework for URLLC

	Single user reliability. System level aspects and number of supported users not considered
	Include system level aspects, number of supported users and the ratio of UEs meeting URLLC requirements as a key metric when evaluating enhanced schemes 

	PDCCH
	PDCCH blocking may severely impact the number of supported URLLC users.
	Introduce mechanisms to reduce the required number of CCEs for PDCCH monitoring while maintaining the same reliability. Consider compact DCI and PDCCH repetition as candidate solutions.

	
	SINR Imbalance: URLLC and eMBB have different minimum supported SINR
	Introduce mechanisms to support lower SINR values for URLLC

	PDSCH/PUSCH
	When there are multiple active URLLC UEs simultaneously in the system, the data blocking issue becomes serious due to conservative resource utilization of the basic slot/non-slot based aggregation schemes
	Introduce more spectrum-efficient transmission paradigms for URLLC. Possible enhancements include 1) Time non-consecutive repetitions with early termination, 2) DMRS sharing between repetitions, 3) Soft combination of one large packet on different BWPs/Carriers, 4) Multi-TRP transmission, 5)Enhanced power control

	PUCCH
	Low-latency CSI feedback is supported but the feedback time should be further compressed to well support URLLC. Meanwhile, ACK/NACKs within one slot is jointly coded and fed back. Only one PUCCH within one slot is allowed with identical power control, which cannot accommodate different latency and reliability requirements flexibly.
	Support A-CSI report on S-PUCCH and LL-CQI reporting with delay reduction.
Study to enable more than one PUCCH transmission for a UE within one slot as well as enhanced power control for URLLC PUCCH.

	UCI Multiplexing
	For UCI multiplexing between PUCCHs, current agreement does not cover slot aggregation case and neither does not distinguish between UCI for URLLC and eMBB. URLLC UCI has strict latency and reliability requirements, and should be treated differently.
For UCI multiplexing between PUCCH and PUSCH, Rel-15 only considers the eMBB UCI multiplexed on eMBB PUSCH. Enhancement is required in case of URLLC UCI or URLLC data. 
	Support enhanced UCI multiplexing methods by identifying URLLC data/UCI through the distinct RNTI or other characteristics, and design different multiplexing solutions for different sub-use cases, e.g., multiplexing between URLLC UCI and eMBB UCI, between URLLC UCI and eMBB data, between URLLC data and eMBB UCI, etc. 

	Multiplexing of URLLC and eMBB traffic

	Intra-UE UL multiplexing
Not well supported. For GB PUSCH and GB PUSCH multiplexing, one has to rely on very short eMBB scheduling otherwise the URLLC latency might not be met. 
For GF PUSCH and GB PUSCH multiplexing, Rel-15 defines that GB PUSCH is prioritized. This jeopardizes the URLLC latency and/or the eMBB  spectral efficiency.
	Intra-UE UL multiplexing
For GB PUSCH&GB PUSCH multiplexing, study possible enhancements. For GB PUSCH&GF PUSCH multiplexing, introduce a dynamic grant selection, either in MAC or PHY layer.

	
	Intra-UE DL multiplexing
Not well supported. It has to rely on short eMBB data transmissions with fast feedback, otherwise latency requirements might not be met.
Also, a UE that is monitoring DL PI might flush out its own URLLC traffic.
	Intra-UE DL multiplexing
Introduce out-of-HARQ to enable fast URLLC ACK/NCK feedback. Introduce URLLC protection against DL PI.

	
	Inter-UE DL multiplexing
Well supported except for UE behavior upon reception of DL PI
	Inter-UE DL multiplexing
Specify a UE behavior upon reception of DL PI.

	GF transmission
	Not well supported for URLLC reliability. Only slot-based repetition is supported, and the starting occasion is restricted to give RVs while the occasions would be dropped when conflicting with the slot configuration. Meanwhile, NW is not able to stop the GF repetitions even when it already has been successfully decoded, and hence the remaining repetitions are redundant, interfering other UEs’ transmission.
Frequency hopping may lead to the collisions along all the hopping TTIs if two UEs start a hopping transmission from same time-frequency resource.
	Enable multiple repetitions within one slot and study the explicit HARQ-ACK feedback mechanism for GF PUSCH.
Support multiple active GF configurations per serving cell and study time-frequency hopping enhancement.

	TSN support
	Rel-15 NR has not specified the mechanism to realize the high accuracy (at microsecond-level) time synchronization among UEs.
In Rel-15 NR, only low latency requirement is studied but the low transmitting jitter cannot be guaranteed.
	Rel-16 URLLC should evaluate the current performance, study the mechanism to ensure the highly accurate time synchronization among uses and the extremely low jitter transmission to support TSN. 
The study item can be RAN1 lead.



In summary, we have the following observations and proposals:
Observation 1: The URLLC discussions in RAN1 for Rel-15 focused on the reliability aspect for single link performance. System level aspects have not been assessed by RAN1.
Observation 2: Compact DCI and PDCCH repetition with fast feedback can effectively mitigate PDCCH blocking issues and increase the number of supported URLLC users
Observation 3: The minimum SINRs for URLLC and eMBB are not balanced in Rel-15.
Observation 4: The basic slot/non-slot based aggregation schemes are not suitable tools for URLLC when there are multiple simultaneously active URLLC UEs in the system.

Proposal 1:  URLLC Rel-16 should assess whether Rel-15 can support the prioritized URLLC use cases identified in the first phase of this email discussion; The number of supported URLLC users per cell shall be included as a key evaluation metric for Rel-16.
Proposal 2: The following enhancements on PDCCH shall be studied:
· Compact DCI
·  PDCCH repetition with fast feedback
Proposal 3: The following enhancements on PDSCH/PUSCH shall be studied:
· Time non-consecutive repetitions with early termination 
· DMRS sharing between repetitions
· Soft combination of one large packet on different BWPs/Carriers 
· Multi-TRP transmission
· Enhanced power control
Proposal 4: The following enhancements on PUCCH shall be studied:
· A-CSI report on S-PUCCH  and related triggering mechanism
· LL-CQI reporting delay reduction 
· More than one PUCCH transmission (e.g. carrying HARQ-ACK) for a UE within one slot
· Enhanced power control 
Proposal 5: Rel-16 should study the enhancements for UCI multiplexing on PUSCH/PUCCH by distinguishing URLLC UCI/data from eMBB UCI/data and enabling different multiplexing rules for different sub-use cases to enable the reliable transmission of URLLC UCI and PUSCH.
Proposal 6: The following enhancements on multiplexing of URLLC and eMBB shall be studied:
· UL intra-UE Tx prioritization/multiplexing, URLLC traffic identification for prioritizing URLLC transmission
· DL inter UE prioritization/multiplexing, HARQ out of order URLLC and flushing upon reception of DL PI
Proposal 7: The following enhancements on GF shall be studied:
· Mini-slot based repetition, or repetition can across the slot boundary
· Ensure to always K repetitions for reliability;
· Repetitions with frequency hopping
· Explicit DL ACK/NACK feedback
· Multiple active configurations for GF
Proposal 8: Rel-16 URLLC should study (RAN1 lead) the time synchronization mechanism between UE and common time reference with gNB assistance, mainly including:
· Evaluate the current performance of timing accuracy between UE and the common time reference in Rel-15 NR, and identify the performance gap between the current situation and the requirement.
· Study the possible enhancements according to the evaluation, possibly including:
· Mechanism for the delivery of the accurate common time reference information from gNB to UE.
· Methods and procedures of the re-synchronization processing between UE and gNB aiming to improve the accuracy of the downlink frame timing and uplink timing advance.
Proposal 9: Rel-16 URLLC should study the mechanism to ensure the low jitter transmission.
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Appendix
Table 6 Simulation assumptions
	Parameters
	Description

	Deployment scenarios
	[bookmark: OLE_LINK49]Homogeneous network (7*3 site)

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Subcarrier spacing
	60kHz

	Scheduled PDSCH time-domain
	7 symbols

	Simulation bandwidth
	40 MHz

	Channel model
	3D Uma

	BS Tx power
	46 dBm

	BS antenna configurations
	2TX

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8dBi

	UE antenna configurations
	2RX

	UE antenna height
	Follow the modelling of TR 36.873

	UE antenna gain
	Follow the modelling of TR 36.873

	UE receiver noise figure
	9 dB

	CQI reporting period
	 Rel-15:25 symbols;

	Traffic model
	URLLC: FTP Model 3 with MAC packet size 32bytes
eMBB: FTP Model 3 with APP packet size 0.5Mbytes 

	Traffic load (Resource utilization)
	URLLC/eMBB: Poisson packet arrival with arrival rate λ to achieve URLLC/eMBB target resource utilization ratio

	UE distribution
	100% Outdoor in cars: 120 km/h
URLLC: 10 UE/sector

	UE receiver
	MMSE-IRC

	Target BLER
	10-4
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