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Introduction
The objective of the NR WI is to specify the functionalities for eMBB and URLLC. For URLLC, the target is to meet the performance requirements on latency and reliability set forth by [1], this requires specific consideration on both control channel and data channel. In this contribution, we provide our view on DL data channel reliability for URLLC, from both single and multilink reliability perspective. This paper is a revision of R1-1715569.
Single link reliability
[bookmark: _Ref129681832]DL HARQ for URLLC
HARQ-less transmission
To meet the RAN requirement on latency and reliability, one way is to use HARQ-less transmissions. With HARQ-less transmission, the gNB simply transmits a number of DL repetitions without waiting any A/N feedback. 
For HARQ-less transmission, the overall latency includes queuing/scheduling time, transmission time, and processing time. Compared to the conventional stop-and-wait HARQ transmission scheme, a lower packet delay can be achieved. At the same time, since the reliability has to be guaranteed at one time, the resource needed to ensure the reliability has to be provisioned whenever the user is scheduled. This leads to low resource efficiency and low system capacity which may not be preferable at high system load. It should be noted that consecutive transmissions, i.e. a number of repetitions after the initial transmission for the same transport block, can be adopted to increase the transmission opportunities as shown in Figure 1. This can also be viewed as one use case of slot aggregation where one transport block is mapped to several slots. It should be discussed how the redundancy versions of repetitions should be determined. One alternative is to follow a predefined manner as agreed at RAN1 NR Ad hoc #3 while another alternative is to map the coded bits across the repetitions in a sequential manner. The performance may depend on effective code rate for the initial transmission and repetitions.
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[bookmark: _Ref465687117]Figure 1 Example: HARQ-less transmission for URLLC with/without repetitions
Although the resource efficiency is low, HARQ-less transmission may be the only or preferable choice in some cases as listed below: 
Case 1: In case of TDD, especially for macro deployment, it is not preferable to change the frame structure in a very dynamic manner. The DL/UL split is usually determined by the average traffic load within the network. Frequent and uncoordinated UL/DL switching may lead to large GP overhead and strong cross-link interference. In this case, if the URLLC packet arrives at the last transmission period of a given link direction, it has to wait at least the duration of the whole reverse link until the next transmission opportunity is available. Then it has to wait for the next reverse link opportunity for ACK/NACK feedback. The delay introduced by the frame alignment and ACK/NACK feedback is almost same as the switching periodicity. Therefore, ACK/NACK based retransmission is not proper for the case when the UL/DL switching periodicity is relatively large. 
Case 2: In case the URLLC traffic load becomes high, the queuing delay for each URLLC UE will be increased since it may be possible to serve all the UEs simultaneously. Hence, for UEs with large queuing delays, there may not be enough time left to allow HARQ retransmissions at the time when the UE is scheduled. In this case, HARQ-less transmission should be adopted.
Case 3: In case of dynamic resource sharing between URLLC and eMBB, when the URLLC traffic load is low, it may be preferable to use HARQ-less transmission for URLLC in order to provide low latency without causing a big impact on the eMBB service. However, when the URLLC traffic load is high, the system capacity becomes the main concern hence the HARQ retransmission is more suitable.
Proposal 1: For DL transmission, L repetitions for the same TB are supported.
Proposal 2: A DL transmission scheme without A/N feedback should be supported for URLLC, i.e., the DCI field indicating the PUCCH resource is not needed. 
HARQ transmissions
Without HARQ retransmissions, the reliability for the initial transmission has to be very high, i.e. higher than 99.999%, as discussed in [2]. With HARQ retransmissions, the reliability for the initial transmission can be relaxed hence the resource efficiency can be improved. As an example, if the BLER target for the initial transmission is 1%, there is 99% probability that the transmission will only consume the resources allocated for the initial transmission. In general, it is always beneficial to reduce the HARQ RTT so that more HARQ retransmission opportunities are allowed within the latency bound. 
The basic HARQ scheme does not allow many transmission opportunities, if there is an ACK/NACK for each (re)transmission. To increase the transmission opportunities, one possible scheme is to use repetitions for both initial transmission and retransmission. The number of transmissions can be adapted based on the CQI report and indicated to the UE either semi-statically or dynamically. If the ACK/NACK is sent early, then more transmissions can be requested by the NACK. If the ACK/NACK comes late, then fewer transmissions can be requested by the NACK. 
Different repetition patterns can be considered to allow some scheduling flexibility to handle different delay budget conditions, e.g. an interlaced repetition pattern can be used when the delay budget is sufficient while a contiguous repetition pattern can be used when the delay budget is insufficient. A combination of higher-layer and physical layer signaling can be considered to enable dynamic selection of repetition patterns. 
As another alternative, instead of signaling the number of repetitions or repetition patterns in NR-PDCCH, the subsequent repetition(s) can be scheduled by a separate DCI before ACK/NACK feedback for the initial transmission as shown in Figure 2. The ACK/NACK feedback can be generated based one or more repetitions of a TB. The gNB may schedule a subsequent transmission at NR-PDCCH monitoring occasions. UE may combine repeated transmissions before generating ACK/NACK. As the transmissions belong to same TB, each PDCCH is self-contained with TBS information, i.e., UE is configured to find TBS in each PDCCH sent for the same HARQ process ID. This is beneficial since the initial PDCCH transmission may fail and UE may need to derive TBS from PDCCH of subsequent transmissions. PDCCHs sent as part of subsequent transmission may updated HARQ timing. 
Proposal 3: To improve the PDSCH reliability, the following options are considered
· Option 1: The number of repetitions and/or repetition pattern is signalled in NR-PDCCH
· Option 2: Each subsequent transmission is scheduled independently by NR-PDCCH
· The NR-PDCCHs for subsequent transmissions may update HARQ timeline.
· TBS is indicated in subsequent transmissions if sent before receiving ACK/NACK
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[bookmark: _Ref489969386]Figure 2 Subsequent transmissions
As an improvement to the above repetition scheme, the subsequent repetition can be terminated by an ACK feedback reported from the UE. This scheme is proposed for UL grant free transmissions and can be applied for DL transmissions as well. As a further optimization, the transmit power, MCS and/or resource allocation for the subsequent repetitions for the same TB can be dynamically adjusted if a more updated and accurate CSI report can be available at the gNB as shown in Figure 3. A new CSI report, e.g. in the form of CQI correction, can be introduced to indicate the gap between the selected MCS and the practical channel condition. The new CSI report, referred to as low latency CQI (LL-CQI) report hereafter, can be based on the RS associated the current transmission. The MCS and resource allocation should be adjusted and indicated to the UE dynamically. Compared to the basic repetition scheme, this could further improve the spectrum efficiency and reduce the latency for URLLC. 
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[bookmark: _Ref477186725]Figure 3 Dynamic MCS adjustment based on LL-CQI report
To demonstrate the necessity of the LL-CQI report, we provide some system-level simulation results below. The Cumulative Distribution Function of SINR differences (absolute value) between the CQI report and NR-PDSCH post SINR are provided in Figure 4. Two schemes are compared: (1) Periodic CQI without LL-CQI report; (2) Periodic CQI with LL-CQI report. It can be seen from Figure 4 that there is a large SINR differences if LL-CQI report is not applied. For example, for cell-edge UE, there is 10% probability that the SINR difference is larger than 4dB, which directly translates into spectrum efficiency losses. The simulation assumptions can be found in the Appendix.
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[bookmark: _Ref478165587]Figure 4 CDF of SINR differences between the CQI report and NR-PDSCH post SINR: (left) - cell middle UE, (right) – cell edge UE
Furthermore, the following two schemes are evaluated and the simulation results are provided in Table 1. 
· Scheme 1: 2 repetitions without LL-CQI
· Scheme 2: 2 repetitions with LL-CQI
Note that for simplicity, the BLER target is assumed to 1e-4 and the number of repetition is assume to be 2. Similar results are expected for 1e-5 BLER target and other number of repetitions. A/N based outer-loop link adaptation is enabled to compensate the channel fluctuations on a long-term basis. In Table 1, it can be observed that without LL-CQI, it difficult to guarantee the target BLER even with 2 repetitions, i.e. the ratio of users satisfying the 1e-4 BLER target is less than 20%. This also implies that in order to meet the BLER target, a more conservative MCS should be selected, which will lead to loss in spectrum efficiency. Moreover, the outer-loop adjustment is not sufficient to compensate the mismatch between the selected MCS and the instantaneous channel condition for URLLC. In comparison, LL-CQI could bring significant improvement in terms of ratio of performance guaranteed UEs, i.e. the ratio of users satisfying the 1e-3 BLER target is increased to more than 40%. The LL-CQI could also improve the overall spectrum efficiency which could be translated directly to URLLC system capacity. 
Table 1 Statistics of UE BLER-Scheme 1: 2 repetitions without LL-CQI, Scheme 2: 2 repetitions with LL-CQI
	
	Proportion of UEs meeting the BLER target of

	Schemes
	<10^-4
	<10^-3
	<10^-2
	<10^-1

	Scheme 1
	0.1714
	0.981
	0.9905
	1

	Scheme 2
	0.419
	0.9619
	0.981
	0.9952


Proposal 4: A low latency CQI report should be supported for URLLC based on which the MCS and resource allocation for the subsequent repetitions for the same TB can be dynamically adjusted.
As mentioned above, the LL-CQI can be defined in the form of CQI difference based on the selected MCS and the actual channel condition. This is beneficial from signaling overhead point of view compared to reporting an absolute value. As another alternative, the LL-CQI can be defined as the reference repetition number [3]. Based on the reported number of repetitions, the gNB could schedule a number of repetitions for the same TB such that the residual BLER meets the requirement.
 Multi-link reliability
Further to ensuring low latency for URLLC, which has been the focus so far, standardization would also need to ensure that the reliability requirement is met for URLLC services and from RAN1 Ad hoc meeting in Qingdao, these aspects are being addressed. In addition to the mechanisms described above for single link reliability, multi-link reliability may need to be considered as well to ensure the required reliability within 1ms latency bound for URLLC services. Single PDCCH scheduling different layers of a transmission from multiple TRPs or independent PDCCHs scheduling different streams from multiple TRPs has been agreed with a focus on providing high data rate and/or diversity [4]. For URLLC, multi-TRP communication can be one of the potential enablers of high reliability of URLLC services. Subject to backhaul constraints, multiple TRPs can share data and/or control transmission to URLLC UEs. Below, we provide some overview on how cooperation and/or transmission from multiple TRPs can enhance URLLC reliability.
Transmission sharing among TRPs
As agreed in RAN1, NR supports downlink transmission of same NR-PDSCH data stream(s) from multiple TRPs at least with ideal backhaul, and different NR-PDSCH data streams from multiple TRPs with both ideal and non-ideal backhaul. 
If ideal backhaul is available, centralized scheduling can enable joint data transmission from multiple TRPs. UE can receive PDCCH from P-TRP and receive one stream from P-TRP and either same or modified version of the stream from other TRP. Examples include multiple TRPs engage in joint transmission schemes. Different versions of same data are received jointly and UE can combine them at physical layer. 
Furthermore, single PDCCH may schedule URLLC transmission with repetitions where part of the repetitions can be transmitted from P-TRP and remaining repetitions can be transmitted from S-TRP. Alternatively, P-TRP may schedule initial and some re-transmissions, whereas S-TRP schedules some re-transmissions. The coordination among the TRPs regarding splitting transmission can be semi-static or dynamic. In Fig. 5(a), it is assumed that central scheduler performs RLC packet segmentation and provides each TRPs with the data and scheduling information. In Fig. 5(b), it is assumed that scheduling and RLC packet segmentation take place at P-TRP, and P-TRP shares data with scheduling information to S-TRP, which may then initiate some re-transmissions/repetitions. As URLLC packet size can be small and arrival can be sporadic, loading on inter-TRP backhaul can be low at least for URLLC traffic exchange and if latency allows for such communication, S-TRP can resume transmission. Furthermore, upon receiving the scheduling information, S-TRP can independently schedule the (re)-transmission. Hence, UE can be configured to receive multiple PDCCHs from multiple TRPs in a given monitoring occasion. Multiple TRPs can send PDCCHs that schedule same packet. It has been agreed in RAN1 #90 meeting that multiple PDCCHs can be received within a slot [6]. UE can be configured to combine the transmissions and send HARQ feedback to P-TRP or S-TRP or both. For example, in one instance, UE may receive PDCCHs from P-TRP and S-TRP where both schedule a re-transmission. In some occasions, UE may miss PDCCH of initial transmission from P-TRP and repetition from S-TRP may provide enhanced PDCCH and/or PDSCH reliability.
              [image: ]
Figure 5 Multiple TRPs can share or alternate repetitions/re-transmissions of a packet. Ri indicates repetition or re-transmission index.
Observation 1: Multiple TRPs may schedule same data or part of same data to enhance PDSCH reliability. 
Observation 2: PDCCH/PDSCH repetition can be initiated by S-TRP after receiving scheduling information from P-TRP.
Reliability by dual connectivity
URLLC UEs at the cell-edge and/or going through hand over procedure may benefit from multiple simultaneous active links which may schedule same data. For a period of time, UE may receive transmissions from multiple TRPs/links, either belonging to same or different cells. If ideal backhaul is present, S-TRP may duplicate same transmission which can enhance PDSCH reliability and UE can combine the transmission at PHY layer. For non-ideal backhaul, two TRPs may schedule data duplication independently; however PHY layer combining would not be possible if RLC packet segmentation is different at the TRPs. At the PDCP layer, duplicate transmission can be identified. Note that RAN2 has already agreed packet duplication for user plane and control plane in NR-PDCP.  In RAN1 88bis [5], both synchronous and asynchronous dual connectivity are supported for LTE-NR/NR-NR DC.
Observation 3: Activating multiple links for packet duplication during handover can enhance reliability.
                                      [image: ]
	Figure 6 Data duplication during handover or for a cell edge URLLC UE.
Multi-cell Pre-emption 
It may be possible in some cases that URLLC UE is located at the edge of the cell and may receive interference from other cells. To mitigate interference and enhance reliability, the serving cell can notify other neighboring cell of impending URLLC traffic arrival via backhaul. Depending on latency tolerance, this may require delaying URLLC transmission by a mini-slot to take the time to send pre-emption information over backhaul. Both cells puncture the time-frequency area when URLLC traffic is scheduled by the serving cell. On the other hand, for ideal backhaul and if neighbor cell have scheduling information available, delaying URLLC transmission would not be necessary; transmission from serving cell and joint pre-emption from two cells can be achieved. Hence, for the ideal backhaul case, dynamic resource blanking can help improve reliability of cell-edge UEs.
                                   
                   [image: ]
Figure 7 Neighbor cell can pre-empt a transmission to mitigate interference to cell-edge URLLC UE in serving cell.
Observation 4: Pre-emption of eMBB resources can be observed not only when URLLC transmission is scheduled in overlapping resources but also to control interference to URLLC UEs of neighbour cell.
Proposal 5: RAN1 studies different coordinated or independent scheduling options by multiple TRPs to enhance PDCCH and/or PDSCH reliability of URLLC services.  
Cooperation in non-ideal backhaul
When backhaul is non-ideal, data and scheduling information cannot reach two TRPs at the same time. The transmission latency from P-TRP to S-TRP via non-ideal backhaul may be longer than 1ms in some cases. For URLLC cooperation, when joint transmission is not feasible within 1ms, another way to enhance the reliability and improve spectrum efficiency for cell-edge UE is ICIC. As is showed in Fig. 8, the reliability of cell-edge UE without neighbor cell interference is higher than with neighbor cell interference under the same SNR. However, to improve the reliability of cell-edge UE, semi-static muting pattern of S-TRP configured by RRC signaling needs to be always reserved, which may result in low spectrum efficiency of neighbour cell because URLLC traffic is sporadic and unexpected. In brief, there is a tradeoff between reliability of cell-edge UE and spectrum efficiency of neighbor cell using semi-static muting pattern.
 To enhance the reliability of URLLC services for the case of non-ideal backhaul, muting pattern is worthy of further consideration. For the purpose of improving spectrum efficiency of neighbour cell, dynamic muting pattern can be used. However, two TRPs cannot schedule muting pattern dynamically due to the latency of non-ideal backhaul, so it would be possible that UE trigger/terminates muting pattern with feedback. The resource pattern can be reserved when cooperation is triggered and also can be utilized by other eMBB UEs when the cooperation is terminated. In this way, spectrum efficiency both in serving cell and neighbour cell would be improved. Hence, for both ideal and non-ideal backhaul cases, dynamic resource blanking or muting should be considered to improve reliability. 
Proposal 6: NR considers dynamic muting for both ideal and non-ideal backhaul cases to improve reliability of URLLC services.
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Figure 8 Reliability comparison between cell-edge UE with neighbour cell interference and without neighbour cell interference.
1. [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
We have the following observations and proposal:
Observation 1: Multiple TRPs may schedule same data or part of same data to enhance PDSCH reliability. 
Observation 2: PDCCH/PDSCH repetition can be initiated by S-TRP after receiving scheduling information from P-TRP.
Observation 3: Activating multiple links for packet duplication during handover can enhance reliability.
Observation 4: Pre-emption of eMBB resources can be observed not only when URLLC transmission is scheduled in overlapping resources but also to control interference to URLLC UEs of neighbour cell.
Proposal 1: For DL transmission, L repetitions for the same TB are supported.
Proposal 2: A DL transmission scheme without A/N feedback should be supported for URLLC, i.e., the DCI field indicating the PUCCH resource is not needed.
Proposal 3: To improve the PDSCH reliability, the following options are considered
· Option 1: The number of repetitions and/or repetition pattern is signalled in NR-PDCCH
· Option 2: Each subsequent transmission is scheduled independently by NR-PDCCH
· The NR-PDCCHs for subsequent transmissions may update HARQ timeline.
· TBS is indicated in subsequent transmissions if sent before receiving ACK/NACK
Proposal 4: A low latency CQI report should be supported for URLLC based on which the MCS and resource allocation for the subsequent repetitions for the same TB can be dynamically adjusted. 
Proposal 5: NR studies different coordinated or independent scheduling options by multiple TRPs to enhance PDCCH and/or PDSCH reliability of URLLC services.  
Proposal 6: NR considers dynamic muting for both ideal and non-ideal backhaul cases to improve reliability of URLLC services.
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Appendix 
Table 1 Simulation assumptions
	Parameters
	Description

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Subcarrier spacing
	60kHz

	Simulation bandwidth
	20 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
	20ms

	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
	20% Outdoor in cars: 30 km/h,
80% Indoor: 3 km/h
URLLC: 10 UE/sector

	UE receiver
	MMSE-IRC
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