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Introduction
In June 2018’s RAN Plenary meeting, the eURLLC study item [1] was approved. The objective of the study item is to study reliability and latency performance supported by NR Rel. 15 and identify further enhancements if needed to achieve the requirements. This study item will for example investigate methods to further improve reliability and reduce latency for different use cases (such as factory automation, transport industry and electrical power distribution) that have different requirements potentially stricter than ones considered in Rel-15. For example, some of the use cases considered in Rel. 16 may require reliability on the level of 1-10-6 and RAN latency on the level of 0.5 to 1 ms. On layer one enhancements the following agreements have been made during RAN1#94 meeting in Gothenburg [2]:
Agreements:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered
Agreements: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.
Agreements: 
Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.
· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot
· Other enablers are not precluded
Agreements:
Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded
Discussion
In the following we discuss different enhancements on physical channels including PUSCH, PDCCH and PUCCH in terms of latency and reliability. To achieve truly high reliability and low latency for URLLC, aspects such as processing timeline and UE capability might also need to be addressed.
Enhancements on PUSCH
Reliability
In Rel. 16 eURLLC SI different relevant use cases can be considered with potentially different reliability requirements. In some use case a very strict reliability requirement of 1-10-6 was for example mentioned in [1]. It is worth noting that techniques for enhancing reliability can be done at different layers in the protocol stack. Requiring overall transmission reliability of 1-10-6 does not necessarily mean that all the solutions must come from the physical layer. For example, NR supports higher layer reliability enhancement in the form of PDCP duplication. With PDCP duplication, the reliability requirement on the physical layer can be relaxed. 
In NR Rel. 15, a new CQI table for CQI report corresponding to 10-5 BLER target was introduced. This aims to support URLLC DL transmission with high reliability requirement. Moreover, a new MCS table supporting new MCS entries with low spectral efficiency values was introduced to support very robust PDSCH and PUSCH transmissions. These PHY reliability enhancements made in NR Rel. 15 can be considered sufficient for eURLLC. 
Latency
In terms of latency, NR Rel. 15 supports data transmission with shorter duration than a slot. PDSCH/PUSCH mapping Type B allows a transmission to start in any symbol in a slot, which makes it preferable from a latency viewpoint. For PDSCH mapping Type B, transmission durations of 2, 4, and 7 symbols are supported, while for PUSCH mapping Type B all symbol durations up to 14 symbols are supported. These features serve as the key elements to enable low latency transmission required for URLLC. 
However, there still exist some limitations in terms of scheduling flexibility in NR Rel. 15 to fully enable ultra-low latency transmission. One example is the restriction on scheduling across the slot border. For URLLC services with strict latency budget, it is highly desirable that data can be transmitted as soon as possible. It could happen for example that UL data for an UL transmission is ready to be transmitted (after some processing time at the UE) in a symbol that is too close to the slot border. Since NR Rel. 15 does not allow transmissions to cross the slot border, the UE has to wait until the beginning of the next slot to transmit. This can lead to an increased latency which exceeds the allowed budget. See for example Figure 1 for an illustration of high alignment delay when the arrival of data with 7-symbol duration is too close to the slot border. In the case of a 7-symbol transmission, this alignment delay will occur in 50% of UL transmissions assuming data arriving uniformly. The problem is especially severe for the UL transmission where UE is power-limited since increasing bandwidth does not help to improve the performance.
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[bookmark: _Ref521707675]Figure 1: Illustration of long alignment delay due to transmission across slot border restriction in NR Rel. 15
An alternative to waiting until the next slot is to schedule multiple transmissions with shorter duration so that the transmission can start already in the present slot. Although NR Rel. 15 supports slot aggregation where a transmission can be repeated over multiple slots, there is a limitation that the TB repetition in the next slots needs to have the same resource allocation as the transmission in the first slot. Therefore, the repetition of short transmissions (less than 14 symbols) across multiple slots will have time gaps between them. See for example Figure 2 for an illustration of mini-slot aggregation, when 4os mini-slot allocation is repeated in every slot forming the 10os time gap between transmissions. Although the alignment delay is reduced, the overall latency is not improved with this approach as the receiver in most cases need to accumulate all the repeittions to be able to achieve the desried reliability.
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[bookmark: _Ref521707702]Figure 2: Illustration of slot aggregation in NR Rel. 15 when applied to repettion of short transmissions
To support truly ultra-low latency transmission for eURLLC in Rel. 16 it is proposed that PUSCH scheduling across slot border can be supported. This can come in the forms of having a long transmission crossing a slot border or other different scheduling flexibilities to allow low latency transmission across slot border without excessive delay. We study an impact of this enhancements on alignment delay further in our paper [3].
[bookmark: _Toc525904461][bookmark: _Toc525923876][bookmark: _Toc525923877][bookmark: _Toc521659820][bookmark: _Toc521662389][bookmark: _Toc521708962][bookmark: _Toc525923878][bookmark: _Toc525904338][bookmark: _Toc525904360][bookmark: _Toc525923879][bookmark: _Toc525923880]NR Rel. 16 targeting eURLLC supports more flexible PUSCH scheduling across the slot boundary. 
One possible solution to support PUSCH transmission across slot border is to use two-PUSCH transmission (See Fig. 3). That is, a UE can expect to receive an UL grant or a configured UL grant which assign resources in time domain crossing the slot border. The UE then interprets that PUSCH transmission is split into two PUSCH transmisisons. 
UL data with N-symbol duration is configured or scheduled to cross the slot border.
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UL data is split into two repetitions. The first PUSCH starts at the configured or assigned starting symbol and ends at the end of the present slot. The second PUSCH starts at the beginning of the subsequent slot and ends at the symbol corresponding to the original configured or scheduled length.
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Figure 3: Illustration of two-repetition PUSCH transmission
A simple signaling method can e.g. be based on an implicit signaling by allowing direct indicators of start symbol (S) and allocation length (L) in the time-domain resource allocation to result in S+L > 14. In this case  the first PUSCH starting at the configured or scheduled starting symbol and lasting until the end of the first slot, and the second PUSCH starting immediately in the subsequent slot until the end of scheduled symbol. The same TB can be used for both segments of PUSCH transmission and RV can follow some configured RV sequence.
Another approach that is discussed is based on mini-slot repetition. Couple of considerations should be taken with respect to mini-slot repetition. Firstly, from the performance perspective,  splitting the PUSCH into two PUSCH has an advantage due to improved coding gain in one of the segments as compared to the repetition based solutions. Secondly, the DMRS overhead in each repetition creates unnecessary additional overhead. Therefore, additional mechanism should be considered to reduce DMRS overhead. Thirdly, repetition based solution would not guarantee that the symbols around the slot boundary are fully utilized for the PUSCH transmission to reduce the delay. Depending on the data arrival and the allocated PUSCH resource, the repetition factor should be dynamically adapted. Since in Rel-15, slot-aggregation is RRC configured, introducing this feature implies that the dynamic repetition should be supported in Rel-16 to make the feature meaningful.
In addition, the reliability can be improved by frequency hopping. However consideration should be taken into account whether frequency hopping results in fragmented spectrum, impacting the total system performace. Therefore, frequency hopping should be dynamically enabled or disabled.  Moreover, frequency hopping if enabled, can be performed based on the existing inter-slot and intra-slot frequency hopping. In some cases, it may however not be desirable to have a hopping position in asymmetric fashion with respect to PUSCH allocation. In that case, it is possible to consider a hopping pattern where the hopping position is based on intra-slot frequency hopping of either of the repetitions with some rule, e.g., the slot where there are more number of symbols.
Based on the above disucsison, we propose the following:
[bookmark: _Toc525923881][bookmark: _Toc525660397][bookmark: _Toc525660409][bookmark: _Toc525660465][bookmark: _Toc525661220][bookmark: _Toc525904339][bookmark: _Toc525904361][bookmark: _Toc525904462]Consider the following alternatvies for PUSCH scheduling across slot border:
· [bookmark: _Toc525923882] Alt 1) Methods based on two PUSCH transmissions across the slot boundary based on implicit signaling by using the start symbol (S) and allocation length (L) in the time-domain resource allocation and  S+L > 14. 
· [bookmark: _Toc525923883]The first PUSCH transmission starts at symbol S until the end of the slot.
· [bookmark: _Toc525923884]The second PUSCH transmission starts at the beginning of next slot including the remaining symbols. 
· [bookmark: _Toc525923885]FFS on same or configured RV for two PUSCHs
· [bookmark: _Toc525923886]Alt 2) Methods based on mini-slot repetition
· [bookmark: _Toc525923887]Support dynamic repetition
· [bookmark: _Toc525923888]Support Dynamic frequency hopping.
· [bookmark: _Toc525923889]FFS on how to reduce DMRS overhead
· [bookmark: _Toc525923890]Study whether Alt 2 is beneficial with respect to performance and signalling overhead as compared to Alt 1.

[bookmark: _Toc521331167][bookmark: _Toc521331172][bookmark: _Toc521332423][bookmark: _Toc521401609][bookmark: _Toc521402096][bookmark: _Toc521493586][bookmark: _Toc521500899][bookmark: _Toc521503981]Enhancements on PDCCH
During RAN1#94 several possibilities on PDCCH enhancemens were discussed. Compaties agreed to study PDCCH enhancements further and consider different aspects, i.e. blocking, reliability and complexity [2]. In this section we discuss limitation of number of blind decodes and CCEs for URLLC, as well as aspect of PDCCH blocking and possible improvement from the use of compact DCI format with smaller DCI size than the fallback DCI. 
Limits on number of blind decode and CCE 
[bookmark: _Hlk513846812]With strict requirement in terms of latency (0.5-1ms) and reliability (1-10-6) mentioned in the eURLLC SID [1], it is important that PDSCH/PUSCH mapping type B is supported. To achieve the full latency benefits of  type B scheduling, it is necessary to have multiple PDCCH monitoring occasions within a slot. For example, to get the full benefits of 2 OFDM symbol transmissions, it is preferable to have PDCCH monitoring every 2 OFDM symbols. The limits in Rel. 15 on the total number of blind decodes and CCEs for channel estimation in a slot strongly restricts the scheduling options for these kinds of configurations, even when limiting the number of candidates in a search space. In this section, we provide views on how this limit should be relaxed for NR URLLC Rel.16. 
In LTE, the number of blind decodes was increased with the introduction of sTTI. This is due to new sTTI structure where subslot of 2 or 3 os (corresponding to 6 monitoring occasions within a subframe) and slot of 7 os (corresponding to 2 monitoring occasions within a subframe) are supported . The baseline for one component carrier in LTE is 44 blind decodes per 1 ms subframe, of which 12 are for CSS and 32 for USS. With sTTI, there can be 24 additional BDs with 1-slot sTTI and 36 additional BDs with 2/3 OS sTTI. Therefore, the total number of blind decodes per 1 ms subframe in LTE was increased as summarized in the table below.
Based on the analysis in the companion contribution [4], at least a PDCCH monitoring periodicity of less than 5 symbols is necessary for satisfying the 1ms latency target. The PDCCH monitoring periodicity means, for example, PDCCH can start in symbol 0, 5, 10 in a slot, resulting in 3 monitoring occasions in a slot.
Table 1: Number of blind decodes for LTE with sTTI
	Case
	Monitoring occasions per 1 ms
	1 ms DCI monitoring
	sTTI DCI monitoring (USS)
	Total

	
	
	CSS
	USS
	
	

	No sTTI
	1
	12
	32
	-
	44

	1-slot (7 OS) sTTI
	2
	12
	32
	24
	68

	2/3 OS sTTI
	6
	12
	32
	36
	80



[bookmark: _Toc513714056][bookmark: _Toc513714067][bookmark: _Toc513714630][bookmark: _Toc513848510][bookmark: _Toc513848590][bookmark: _Toc520885277][bookmark: _Toc521493599][bookmark: _Toc521500898][bookmark: _Toc521503980][bookmark: _Toc521590061][bookmark: _Toc521620502][bookmark: _Toc521620506][bookmark: _Toc521621387][bookmark: _Toc521621432][bookmark: _Toc521621506][bookmark: _Toc521659812][bookmark: _Toc521662387][bookmark: _Toc521691874][bookmark: _Toc521704456][bookmark: _Toc521708959][bookmark: _Toc525660390][bookmark: _Toc525660457][bookmark: _Toc525661214][bookmark: _Toc525904334][bookmark: _Toc525923874]To support URLLC with latency requirement of 1ms,  more than three PDCCH monitoring occasions per slot are required. 
If AL=16 is needed, these three monitoring occasions take up 48 of the 56 allowed CCEs for channel estimation in Rel. 15, severely restricting the usage of both USS and CSS for scheduling URLLC traffic. 
The above observation is only the minimum number of monitoring occasions required to support at least a single-shot transmission with 15kHz SCS fulfilling URLLC latency requirement. As mentioned earlier the number of monitoring occasions in a slot for NR could in principle be flexible, i.e., anything from every 1 to 14os. As can be seen in [4], allowing more PDCCH monitoring opportunities per slot allows scheduling of URLLC traffic with retransmission opportunities, which leads to more efficient resource usage. 
Rather than specifying multiple new UE capability levels, it is proposed to specify one additional level of support for PDCCH blind decodes, for which the numbers are doubled compared to Rel.15.
For this additional level of support, instead of simply defining it per slot basis, it makes more sense to take into account how the BDs/CCEs are distributed in a slot for mini-slot operation. One possible choice is to define the BD/CCE limit for each half of the slot. For the first half of the slot, it is natural to assume the same number as the other cases. For the second half of the slot, assuming that UE has finished processing PDCCH in the first half of the slot, the UE should have the same PDCCH processing capability in the second half of the slot. Therefore, it is reasonable to assume the same number as in the first slot. 
Based on the above analysis, the corresponding increase in the BD limits is proposed:
Table 2: Number of blind decodes for Rel. 15 and proposed values for Rel. 16
	Max no. of PDCCH BDs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1 
	44
	36
	22
	20

	Case 2 (Rel 15)
	44
	36
	22
	20

	Case 2 (Rel 16)
	1st half of the slot
	44
	36
	22
	20

	
	2nd half of the slot
	44
	36
	22
	20



Similarly, a corresponding increase in the CCE limits is proposed:
Table 3: CCE limit for Rel. 15 and proposed values for Rel. 16.
	Max no. of PDCCH CCEs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1 
	56
	56
	48
	32

	Case 2 (Rel 15)
	56
	56
	48
	32

	Case 2 (Rel 16)
	1st half of the slot
	56
	56
	48
	32

	
	2nd half of the slot
	56
	56
	48
	32



For example, for 120 kHz SCS, with the existing limit of 32 CCEs per slot, there can be at most two AL16 candidates per slot, which can be very limiting for URLLC requiring at least two monitoring occasions in a slot. The proposed value would allow more flexible PDCCH scheduling and reduce blocking probability. As an alternative solution to table 2 and 3, one can consider to introduce a limitiaion per sliding window, where sliding window size and number of blind decodes or CCE per window can be further discussed. For the NR URLLC Rel. 16, the following number of blind decodes and CCEs for channel estimation can be considered. 
[bookmark: _Toc513794439][bookmark: _Toc513829532][bookmark: _Toc517882238][bookmark: _Toc520885280][bookmark: _Toc520885328][bookmark: _Toc521493590][bookmark: _Toc521500903][bookmark: _Toc521503985][bookmark: _Toc521590067][bookmark: _Toc521620579][bookmark: _Toc521621391][bookmark: _Toc521621422][bookmark: _Toc521621460][bookmark: _Toc521621497][bookmark: _Toc521659823][bookmark: _Toc521662392][bookmark: _Toc521691865][bookmark: _Toc521704462][bookmark: _Toc521708963][bookmark: _Toc525660399][bookmark: _Toc525660411][bookmark: _Toc525660467][bookmark: _Toc525661222][bookmark: _Toc525904341][bookmark: _Toc525904363][bookmark: _Toc525904464][bookmark: _Toc525923891][bookmark: _Toc513498550][bookmark: _Toc513634674][bookmark: _Toc513634765][bookmark: _Toc513643525][bookmark: _Toc513714074][bookmark: _Toc513714633][bookmark: _Toc513220960][bookmark: _Toc513220979][bookmark: _Toc513220996][bookmark: _Toc513221737][bookmark: _Toc513384917][bookmark: _Toc513464612][bookmark: _Toc513464619][bookmark: _Toc513492229]For NR Rel. 16 considering URLLC, the number of PDCCH blind decodes for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}.
[bookmark: _Toc521621498][bookmark: _Toc521659824][bookmark: _Toc521662393][bookmark: _Toc521691866][bookmark: _Toc521704463][bookmark: _Toc521708964][bookmark: _Toc525660400][bookmark: _Toc525660412][bookmark: _Toc525660468][bookmark: _Toc525661223][bookmark: _Toc525904342][bookmark: _Toc525904364][bookmark: _Toc525904465][bookmark: _Toc525923892][bookmark: _Toc513829533][bookmark: _Toc521621393][bookmark: _Toc521621424][bookmark: _Toc521621462][bookmark: _Toc521708965]For NR Rel. 16 considering URLLC, number of CCEs for channel estimation for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}.
PDCCH Blocking
High PDCCH reliability is critical to satisfy URLLC reliability requirement. NR PDCCH design addresses this aspect with the support of AL16. However, there remains some concern on PDCCH resource usage. That is, if there are multiple UEs being scheduled at the same time and some of them requiring high AL, available control resources may not be sufficient to schedule all the UEs and PDCCH blocking starts to occur. 
In our companion contribution [5], PDCCH blocking probability is evaluated for the macro scenario. DL geometry is derived and used together with PDCCH link level results to obtain aggregation level distribution at the PDCCH reliability target of 10-5. We observe that blocking probability generally depends on several parameters such as number of UEs, CORESET sizes, DCI sizes, and traffic model.  From the results shown in Fig. 4, we see that it is more meaningful to use larger CORESET size to reduce the blocking probability. 
Using smaller DCI size, e.g. compact DCI can reduce blocking probability but only to a small extent. Also, there are other consequences of introducing the compact DCI, e.g., increased blind decoding complexity at the UE, and reduced data scheduling flexibility. All these aspects have to be taken into account. If the goal is to improve blocking probability to the level relevant for URLLC, relying on compact DCI may not be the right approach.
[image: ]
Figure 4. Blocking probability as a function of number of UEs, DCI size, and CORESET size.

[bookmark: _Toc525721078][bookmark: _Toc525721180][bookmark: _Toc525821510][bookmark: _Toc525830316][bookmark: _Toc525831726][bookmark: _Toc525832859][bookmark: _Toc525904344][bookmark: _Toc525904365][bookmark: _Toc525904466][bookmark: _Toc525923893]Consider the tradeoff between PDCCH blocking reduction and PDSCH scheduling flexibility from using compact DCI taking into account additional complexity of introducing a new DCI format. 

Enhancements on UE processing timeline
The DL data transmission timeline is illustrated in Figure 5 with one retransmission. The UL data transmission timeline is illustrated in Figure 6 for PUSCH via configured UL grant. The delay components are:
· TUE,proc:  UE processing time for UL transmission. TUE,proc varies depending on DL data vs UL data, initial transmission vs retransmission, etc. In UE Capability #1 and Capability #2 discussion, variables N1 and N2 are used:
· N1 is the number of OFDM symbols required for UE processing from the end of PDSCH to the earliest possible start of the corresponding ACK/NACK transmission on PUSCH or PUCCH from UE perspective.
· N2 is the number of OFDM symbols required for UE processing from the end of PDCCH containing the UL grant reception to the earliest possible start of the corresponding the same PUSCH transmission from UE perspective.
· TUL,tx: transmission time of UL data. This is roughly equal to PUSCH duration.
· TUL,align: time alignment to wait for the next UL transmission opportunity.  
· TgNB,proc:  gNB processing time for DL transmission. TgNB,proc varies depending on DL data vs UL data, initial transmission vs retransmission, etc. For example, for PDSCH retransmission, this includes processing time of HARQ-ACK sent on UL. For PUSCH, this includes reception time of PUSCH. 
· In latency evaluation of [4], for DL data, the gNB processing is similar to data preparation time so we assume TgNB,proc is equal to N2 OFDM symbol (OS). For UL data, the gNB processing is similar to data decoding time plus preparing for feedback, so we assume TgNB,proc is equal to N1 OS. 
· TDL,tx: transmission time of DL data. This is roughly equal to PDSCH duration.
· TDL,align: time alignment to wait for the next DL transmission opportunity.  
TUE,proc is an important latency component to improve. In Rel-15, UE processing time capability #1 and #2 have been defined, where capability #1 is defined for SCS of  15/30/60/120 kHz, and capability #2 defined for SCS of  15/30/60 kHz. Evaluation results in [4] show that the more aggressive capability #2 is still inadequate for the 1ms latency constraint. For eURLLC, shorter than 1ms latency (e.g., 0.5 ms) needs to be studied. To fulfil the latency requirements, we propose that capability #3 be defined in Rel-16.

Table 4: UE processing time capability #3
	Configuration
	HARQ Timing
(in number of OS)
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS
	120 kHz 
SCS

	Front-loaded DMRS only
	N1
	2.5
	2.5
	5
	10

	Frequency-first RE-mapping
	N2
	2.5
	2.5
	5
	10



[bookmark: _Toc521704464][bookmark: _Toc521708966][bookmark: _Toc525660401][bookmark: _Toc525660413][bookmark: _Toc525660469][bookmark: _Toc525661224][bookmark: _Toc525904345][bookmark: _Toc525904366][bookmark: _Toc525904467][bookmark: _Toc525923894]Define further aggressive UE processing time capability #3 for Rel-16.
[bookmark: _Toc521704465][bookmark: _Toc521708967][bookmark: _Toc525660402][bookmark: _Toc525660414][bookmark: _Toc525660470][bookmark: _Toc525661225][bookmark: _Toc525904346][bookmark: _Toc525904367][bookmark: _Toc525904468][bookmark: _Toc525923895]The UE processing time capability #3 is 2.5/2.5/5/10 OS for 15/30/60/120 kHz SCS.

While N1 gives the minimum number of OFDM symbols from end of PDSCH until beginning of HARQ-ACK transmission on PUCCH, the actual transmission time of HARQ-ACK is further limited by the allowed timing within the slot. In Rel-15, at most one PUCCH transmission including HARQ-ACK is supported per slot. This will add alignment time for sending the HARQ-ACK. To reduce DL data latency, it is necessary to increase the number of PUCCH opportunities for HARQ-ACK transmission in a slot, especially if multiplexing of eMBB and URLLC traffic is supported. 
[bookmark: _Toc521704466][bookmark: _Toc521708968][bookmark: _Toc525660403][bookmark: _Toc525660415][bookmark: _Toc525660471][bookmark: _Toc525661226][bookmark: _Toc525904347][bookmark: _Toc525904368][bookmark: _Toc525904469][bookmark: _Toc525923896]Support at least two PUCCH transmissions for HARQ-ACK in a slot for Rel-16.

For TDL,align, this is significantly influenced by PDCCH perioridicity. The worst case TDL,align is equal to the PDCCH periodicity. In Rel-15, PDCCH periodicity is affected by several constraints, including: (a) blind decoding limits, (b) #CCE limits), (c) DCI sizes. In order to provide shorter PDCCH periodicity for eURLLC, it is necessary that the blind decoding limits and #CC# limits be increased in Rel-16. This is discussed in Section 2.2.2.
[bookmark: _Ref521665234][image: ]Figure 5: DL data latency with one retransmission

[image: ]
[bookmark: _Ref521665238]Figure 6: UL data latency with configured grant and one retransmission
Enhancements on UCI transmission
For a UE running mixed services with both eMBB and URLLC the reliability requirements on UCI transmitted on PUSCH can differ significantly from the PUSCH data. The reliability requirement on the UCI can either be higher than the requirement on the PUSCH data, e.g. when transmitting HARQ-ACK for DL URLLC data at the same time as eMBB data, or lower, e.g. when transmitting CQI reports meant for eMBB at the same time as URLLC data. In the case where UCI has lower requirement than PUSCH data it may be preferable to drop some or all of the UCI. 
[bookmark: _Toc521704457][bookmark: _Toc521708960][bookmark: _Toc525660391][bookmark: _Toc525660458][bookmark: _Toc525661215][bookmark: _Toc525904335][bookmark: _Toc525923875]The reliability requirements for UCI and UL data can vary significantly for UEs supporting both eMBB and URLLC. Either UCI or PUSCH data can need higher reliability.
The split of resources between UCI and PUSCH data is controlled through beta factors for different kinds of UCI. The beta factors defined in Rel. 15 have a lowest value of 1.0. This value might not be low enough when considering URLLC data together with eMBB UCI.
[bookmark: _Toc521704470][bookmark: _Toc521708972][bookmark: _Toc525660404][bookmark: _Toc525660416][bookmark: _Toc525660472][bookmark: _Toc525661227][bookmark: _Toc525904348][bookmark: _Toc525904369][bookmark: _Toc525904470][bookmark: _Toc525923897]Consider increasing the range for beta factors in Rel. 16 to include values less than 1.0, including down to 0.0, allowing for dropping of HARQ-ACK/CSI bits from UCI. 
In our companion paper [6] it is observed that when  UCI is transmitted on PUCCH the reliability requirement can also differ significantly if UCI is related to eMBB or URLLC. Especially a HARQ-ACK relating to eMBB does not need to be as reliable as a HARQ-ACK relating to URLLC.  In our paper it is observed that for PUCCH Format 0 and Format 1 the suitable methods to control reliability is limited to selection of number of symbols and/or power adjustment. It is also observed that NR Rel-15 does not support fast adjustment of reliability using power control. In some scenarios adjustment of reliability using selection of number of symbols may not be enough in a mixed-services scenario. Therefore, we propose:
 
[bookmark: _Toc525660405][bookmark: _Toc525660417][bookmark: _Toc525660473][bookmark: _Toc525661228][bookmark: _Toc525904349][bookmark: _Toc525904370][bookmark: _Toc525904471][bookmark: _Toc525923898]Consider enhancements in PUCCH power control to enable larger power difference between PUCCH transmission related to eMBB and PUCCH transmission related to URLLC: 
· [bookmark: _Toc525660406][bookmark: _Toc525660418][bookmark: _Toc525660474][bookmark: _Toc525661229][bookmark: _Toc525904350][bookmark: _Toc525904371][bookmark: _Toc525904472][bookmark: _Toc525923899]New TPC table allowing larger power adjustment steps, and/or
· [bookmark: _Toc525660407][bookmark: _Toc525660419][bookmark: _Toc525660475][bookmark: _Toc525661230][bookmark: _Toc525904351][bookmark: _Toc525904372][bookmark: _Toc525904473][bookmark: _Toc525923900]Dynamic indication of power setting (e.g., , closed-loop index) using DCI indication 
Conclusion
In section, we discussed the potential L1 enhancements for NR operation for URLLC services supported in Rel-16. Based on the discussion, we made the following observations and proposals: 
Observation 1	To support URLLC with latency requirement of 1ms,  more than three PDCCH monitoring occasions per slot are required.
Observation 2	The reliability requirements for UCI and UL data can vary significantly for UEs supporting both eMBB and URLLC. Either UCI or PUSCH data can need higher reliability.

Proposal 1	NR Rel. 16 targeting eURLLC supports more flexible PUSCH scheduling across the slot boundary.

Proposal 2	Consider the following alternatvies for PUSCH scheduling across slot border:
· Alt 1) Methods based on two PUSCH transmissions across the slot boundary based on implicit signaling by using the start symbol (S) and allocation length (L) in the time-domain resource allocation and  S+L > 14.
· The first PUSCH transmission starts at symbol S until the end of the slot.
· The second PUSCH transmission starts at the beginning of next slot including the remaining symbols.
· FFS on same or configured RV for two PUSCHs
· Alt 2) Methods based on mini-slot repetition
· Support dynamic repetition
· Support Dynamic frequency hopping.
· FFS on how to reduce DMRS overhead
· Study whether Alt 2 is beneficial with respect to performance and signalling overhead as compared to Alt 1.

[bookmark: _GoBack]Proposal 3		For NR Rel. 16 considering URLLC, the number of PDCCH blind decodes for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}
Proposal 4		For NR Rel. 16 considering URLLC, number of CCEs for channel estimation for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}.
Proposal 5		Consider the tradeoff between PDCCH blocking reduction and PDSCH scheduling flexibility from using compact DCI taking into account additional complexity of introducing a new DCI format.
Proposal 6	Define further aggressive UE processing time capability #3 for Rel-16.
Proposal 7	The UE processing time capability #3 is 2.5/2.5/5/10 OS for 15/30/60/120 kHz SCS.
Proposal 8	Support at least two PUCCH transmissions for HARQ-ACK in a slot for Rel-16.
Proposal 9	Consider increasing the range for beta factors in Rel. 16 to include values less than 1.0, including down to 0.0, allowing for dropping of HARQ-ACK/CSI bits from UCI.
Proposal 10	Consider enhancements in PUCCH power control to enable larger power difference between PUCCH transmission related to eMBB and PUCCH transmission related to URLLC:
· New TPC table allowing larger power adjustment steps, and/or
· Dynamic indication of power setting (e.g., , closed-loop index) using DCI indication 
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