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Introduction
The objective of the NR WI [1] is to specify the functionalities for eMBB and URLLC. 
Support of ultra-reliable part of URLLC [RAN1, RAN2, RAN4]
-	Identify techniques to meet the URLLC requirements set forth by [2] starting after RAN#76 
-	Conduct corresponding URLLC specific normative work after RAN#78 for the selected techniques
At RAN #78, the scope for URLLC work in Rel-15 was endorsed in [2]. In this contribution, we provide our views on PDSCH design considering high reliability. 
[bookmark: _Ref129681832]PDSCH repetition for URLLC
To meet the RAN requirement on latency and reliability, one way is to rely on non-slot or slot aggregation. With non-slot or slot aggregation, the gNB can semi-statically configure a number of DL repetitions to the UE. Then, one DL assignment can schedule transmissions with several repetitions and without the need to wait for any A/N feedback for the same HARQ process. 
Generally, the overall packet latency includes queuing/scheduling time, transmission time and processing time. Compared to the conventional scheme of stop-and-wait HARQ transmission, a lower packet delay can be achieved by the aggregation transmission scheme since the queuing/scheduling time can be reduced. Furthermore, due to the tight delay budget, the reliability may have to be guaranteed at one time in some cases as shown in Figure 1. 
[image: ]
[bookmark: _Ref465687117]Figure 1. Transmission for URLLC with/without repetition
Based on the description above, it is seen that the aggregation factor is a key parameter to meet the URLLC requirement. The aggregation factor can be semi-statically configured by RRC [4] for slot based repetition while there is no agreement to support non-slot based repetition. According to analysis in [3], the code rate achieving 1e-1 BLER target is about 1.5 times higher than the code rate achieving 1e-5 BLER target under the same SNR. This implies that a packet selecting a MCS corresponding to 1e-1 BLER could achieve 1e-5 BLER with 2 repetitions. However, this is only feasible if MCS can be selected precisely which is impossible in practice. Considering the channel condition fluctuations between CQI measurement occasion and data transmission occasion due to channel and interference variation, the SINR in the transmission occasion could not match the reported CQI, so gNB may need to assign more resources for URLLC with 1e-5 BLER since the current SINR may be lower than the reported CQI, e.g., increase the aggregation factor.
Considering that non-slot repetition has shorter latency than slot repetition, the system-level performance with different non-slot aggregation factors L is provided in Table 1 and the detailed UE BLER distribution is shown in Figure 2. The BLER target is set to be 1e-5. Two schemes are compared: (1): L=2; (2): L=4. It can be seen that the ratio of users satisfying the BLER target is 31.9% for L=2. The BLER target cannot be guaranteed from the system point of view due to the CQI reporting delay. In details, when SINR in the transmission occasion is lower than the reported CQI, the data decoding performance will be degraded, i.e., the BLER target cannot be guaranteed due to the inaccurate link adaptation. One simple way to enhance the reliability is to increase the aggregation factor, e.g., L=4. It may be expected that the reliability can be guaranteed by the cost of more resources. However, as shown in Table 1, the ratio of users satisfying the BLER target drops to 0 for L=4, since the BLER of all UEs are larger than the BLER target as shown in Figure 2. The underlying reason is that the increasing number of repetitions leads to serious congestions in the system given the same packet arrival rate. With the increased number of repetitions, more resources will be allocated to each packet transmission which results in a larger overall queuing delay. It will lead to a high amount of overdue packets or leaves insufficient time to transmit enough repetitions for meeting the reliability requirement.
Table 1 System performance: aggregation factor L=2 vs. aggregation factor L =4
	Non-Slot aggregation factor
	Proportion of UEs satisfying target BLER of 1e-5 

	L =2
	31.9%

	L =4
	0



[image: cid:image002.png@01D38ACD.5498DFB0]Target BLER

[bookmark: _Ref494459771]Figure 2 UE BLER distribution for aggregation factor L=2 vs. aggregation factor L =4
Observation 1: 
· A moderate aggregation factor, e.g. 2, is not sufficient to ensure the required reliability due to the SINR differences between CQI measurement and data transmission.
· A large aggregation factor, e.g. 4, leads to low resource efficiency and serious congestion from system perspective. 
· The basic slot/non-slot based aggregation schemes are no suitable tools to ensure that the URLLC are met, when there are multiple active URLLC UEs simultaneously in system.
Proposal 1: The support of ultra-reliability shall not compromise resource efficiency at the cost of excessive repetitions.
PDSCH design for high reliability in single link 
As discussed in section 2, the resource efficiency will be degraded if non-slot or slot aggregation scheme is directly applied for URLLC. This section provides some enhancements including low latency CSI and dynamic non-slot or slot aggregation to improve the overall resource efficiency.
Low latency CSI report
In the NR adhoc 1801[5], the low latency CSI is already agreed as follows.
Agreement:
· The terminologies for Low Complexity CSI and High Complexity CSI are changed to Low Latency CSI and High Latency CSI, respectively
· For CSI computation capability,
· Two CSI latency classes are supported. 
· Low Latency CSI class is defined as WB CSI including maximum 4 ports
· Only applicable for Type-I codebook or when PMI is not configured
· High Latency CSI class is defined as the superset of all CSI that is supported by the UE
· Above does not apply for L1 RSRP.
Given a low latency CSI report, the transmit power, MCS and/or resource allocation for the subsequent transmissions can be timely adjusted as shown in Figure 3. The low latency CSI measurement can be based on the RS associated with the current DL transmission slot. More details can be found in [6]. Compared to the basic non-slot or slot aggregation scheme, this can improve the spectrum efficiency and reduce the packet latency for URLLC.  


Figure 3 MCS adjustment for the subsequent transmission based on LL-CSI report 
To demonstrate the necessity of the LL-CSI, we provide some system-level simulation results below. The Cumulative Distribution Function of SINR differences (absolute value) between the CQI reporting and NR-PDSCH post SINR are provided in Figure 4. Two schemes are compared: (1) Without LL-CSI report; (2) With LL-CSI report. It can be seen from Figure 4 that there is a large SINR differences without LL-CSI report. For example, for cell-edge UEs, there is 10% probability that the SINR difference is larger than 4dB, which directly translates into spectrum efficiency losses. LL-CSI reduces the SINR differences, improving spectral efficiency. The simulation assumptions can be found in the Appendix.
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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 2. 
· Scheme 1-1: 2 non-slot repetitions without LL-CSI
· Scheme 1-2: 2 non-slot repetitions with LL-CSI
The BLER target is assumed to 1e-5 and the aggregation factor is 2. A/N based outer-loop link adaptation is enabled to compensate the channel fluctuations on a long-term basis. In Table 2, it can be observed that without LL-CSI, it is difficult to guarantee the target BLER even with 2 repetitions, i.e. the ratio of users satisfying the 1e-5 BLER target is about 31.9%. 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 outdated channel condition for URLLC. In comparison, LL-CSI could bring significant improvement in terms of ratio of performance guaranteed UEs, i.e. the ratio of users satisfying the 1e-5 BLER target is increased to 43.3%. The LL-CSI could also improve the overall spectrum efficiency which could be translated directly to increased URLLC system capacity. 
Table 2 Statistics of UE BLER for Scheme 1-1 vs. Scheme 1-2
	Schemes
	Proportion of UEs meeting the BLER target of 1e-5 

	Scheme 1-1 (2 non-slot repetitions without LL-CSI)
	31.9%

	Scheme 1-2 (2 non-slot repetitions with LL-CSI)
	43.3%


Dynamic aggregation pattern
Without 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 since there is an ACK/NACK timing for each (re)transmission. To increase the transmission opportunities, one possible scheme is to use repetitions for both initial transmission and retransmission. The pattern of aggregation transmissions can be adapted based on the CQI report and indicated to the UE either semi-statically or dynamically. If the NACK is sent early, more retransmissions can be requested. Otherwise, only few retransmissions are performed. 
Different aggregation patterns can be considered to allow some scheduling flexibility to handle different channel conditions and delay budgets. As shown in Figure 5, an interlaced aggregation pattern can be used when the delay budget is sufficient. While a contiguous aggregation pattern can be used when the delay budget is insufficient. A larger aggregation factor can be used for low SINR while smaller aggregation factor can be used for moderate or large SINR. 
 
[bookmark: _Ref494459935]Figure 5 Dynamic aggregation pattern: Packet 1 with small delay budget and packet 2 with large delay budget
The aggregation pattern can also be configured via RRC signalling. The frequency resource assigned to each repeated transmission can be differently configured. As depicted in Figure 6, the number of RBs occupied by the first transmission is small with a probably lower BLER target (e.g., 1e-1), while the first repeated transmission may occupy more RBs with a probably higher BLER target. For all repeated transmissions, the RBs may be incremented gradually. Considering that the occurrence probability of the repetition reduces with the increase of the repetition time, it is beneficial to improve the transmission success rate with minimal impact on the spectral efficiency by assigning more frequency resource to the latter repetitions than that to the former repetitions. This provides more transmission chance in frequency domain for those low-SNR UEs and avoids wasting resource in the former repetitions with high occurrence probability.

[bookmark: _Ref494459959]Figure 6 Dynamic aggregation pattern: Flexible resource in frequency domain for each repetition
The flexibility in both time and frequency domain should be taken into consideration for designing the pattern for different services. It is noted that if CQI is updated before grant transmission, LL-CSI can be used by the network to update the RRC-preconfigured scheduling pattern based on preconfigured by RRC signalling, making the aggregation pattern more flexible to improve traffic reliability and system efficiency. 
As another scheme, early termination is proposed for grant free transmissions and this can be also applied for DL aggregation transmission. Early termination could avoid redundant transmission, reduce inter-cell interference and save gNB power to some extent. This scheme can work jointly with the dynamic aggregation scheme (Figure 5 and Figure 6). As shown in Figure 7, both interlaced aggregation and early termination are adopted, in which the last three transmissions are redundant, early termination could avoid the last two of these three redundant transmissions, e.g. the third and fourth transmissions can be avoided.

[bookmark: _Ref494460028]Figure 7 Interlaced aggregation pattern with early termination feedback. ACK feedback delay = 3 TTI as an example
Proposal 2: The following resource efficient schemes shall be supported for URLLC
· Low latency CSI report
· Dynamic indication of the aggregation factor and/or aggregation pattern
PDSCH design for high reliability in multiple link 
At RAN1 NR Ad Hoc meeting [7], and RAN1#89 meeting [8], the following agreements were achieved regarding multi-TRP transmission. 
Agreements [7]:
Support NR 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. 
Agreements [8]:
· The maximum supported number of NR-PDCCHs corresponding to scheduled NR-PDSCHs that a UE can be expected to receive in a single slot is 2 on a per component carrier basis in case of one bandwidth part for the component carrier
· FFS the case of multiple BWPs for the component carrier if supported
· (Working assumption) In this case, at most a total of 2 CWs over the scheduled NR-PDSCHs
· For multiple NR-PDCCH reception for scheduled NR-PDSCHs:
· FFS whether or not there is any impact on # of HARQ processes and/or soft buffer management
· FFS the mapping between PUCCH conveying ACK/NACK signaling and PDSCH
· Note: this topic is more suitable for discussion under scheduling/HARQ session

For URLLC, multi-TRP communication can be one of the potential enablers of high reliability since the multi-TRP communication can provide the link diversity gain. Subject to backhaul constraints, the different cooperation methods can be considered to URLLC transmission via ideal or non-ideal backhaul. Below, we provide an overview on how cooperation and/or transmission from multiple TRPs can enhance URLLC reliability.
Cooperation via ideal backhaul
As agreed in [7], when ideal backhaul is available, the data can be exchanged via ideal backhaul. The coordination to split transmissions among the TRPs can be done semi-static or dynamic. The data and scheduling information among TRPs may be allocated by one central scheduler or by the P-TRP. For example, if the P-TRP can share the information to S-TRP, then the P-TRP could initiate the S-TRP to transmit the retransmissions/repetitions. The two following cases would be discussed for the cooperation via ideal backhaul in a multiple-TRP scenario.
In the case 1 where aggregation transmissions can be used to schedule URLLC transmission repetitions, the repetitions can be independently transmitted from different TRPs to obtain link diversity gain. Alternatively, P-TRP can schedule initial transmission and retransmission, and S-TRP only schedules retransmission. Based on the above discussion, the data and control information can enable joint transmission via ideal backhaul from multiple TRPs. Then, the data or control information are received jointly or soft combined to improve the reliability. 
In the case 2 where URLLC UEs at the cell-edge and/or going through handover procedure, it can benefit from multiple active links by scheduling the same data. S-TRP can duplicate the same transmission to enhance PDSCH reliability, as long as the UE can combine the transmission at PHY layer. Furthermore, if a URLLC UE is located at the edge of the cell, it would receive interference from other cells. One potential solution is that the serving cell can notify other neighboring cells of impending URLLC traffic arrival to mitigate interference and enhance reliability. Then, both the serving cell and the neighboring cell(s) would puncture the time-frequency area of the scheduled URLLC traffic that the serving cell scheduled. 
                                   
                   [image: ]
Figure 8 Serving and neighbour cells pre-empting their transmission to mitigate interference to cell-edge URLLC UE in serving cell
Cooperation via non-ideal backhaul
When backhaul is non-ideal, data and scheduling information cannot arrive to multiple TRPs in timely manner. The transmission latency from P-TRP to S-TRP via non-ideal backhaul may be longer than 1ms. Hence, the joint transmission is not feasible within 1ms URLLC requirement. 
The potent way to enhance the reliability and to improve spectrum efficiency may be interference mitigation. As is shown in Figure 9, 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(s), a semi-static muting pattern for S-TRP results in low spectrum efficiency of neighbour cell(s) because the URLLC traffic is sporadic and unexpected. For the purpose of improving spectrum efficiency of neighbour cell(s), a dynamic muting pattern can be considered. However, two TRPs cannot schedule muting patterns dynamically due to the latency of non-ideal backhaul. Instead, it would be possible that a URLLC UE triggers/terminates muting pattern. The resource of the muting pattern can be reserved when cooperation is triggered, and be utilized again when the cooperation is terminated. In this way, spectrum efficiency of both serving cell and neighbour cell(s) would be improved. Hence, for non-ideal backhaul cases, dynamic blanking or muting resource via UE feedback should be considered to improve reliability.
[image: ]
Figure 9 Reliability comparison for cell-edge UE for the cases with neighbour cell interference and without neighbour cell interference.
From above discussion, we have the following proposal. 
Proposal 3: NR considers using multiple TRPs with the following techniques to enhance PDCCH and/or PDSCH reliability of URLLC services,
· Coordinated or independent scheduling/transmission
· Dynamic resource muting 

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
In this contribution, we provide our views on the design for PDSCH considering to meet the URLLC requirement. According to the system simulation result and the above discussion, we have the following observations and proposals:
Observation 1: 
· A moderate aggregation factor, e.g. 2, is not sufficient to ensure the required reliability due to the SINR differences between CQI measurement and data transmission.
· A large aggregation factor, e.g. 4, leads to low resource efficiency and serious congestion from system perspective. 
· The basic slot/non-slot based aggregation schemes are no suitable tools to ensure that the URLLC are met, when there are multiple active URLLC UEs simultaneously in system.
Proposal 1: The support of ultra-reliability shall not compromise resource efficiency at the cost of excessive repetitions.  
Proposal 2: The following resource efficient schemes shall be supported for URLLC
· Low latency CSI report
· Dynamic indication of the aggregation factor and/or aggregation pattern
Proposal 3: NR considers using multiple TRPs with the following techniques to enhance PDCCH and/or PDSCH reliability of URLLC services,
· Coordinated or independent scheduling/transmission 
· Dynamic resource muting 
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Appendix
Table 3 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
	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

	Target BLER
	1e-5
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