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1	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 aims to 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. In this contribution, we discuss methods that can further improve the timeline with respect to scheduling and HARQ and CSI transmission.
[bookmark: _Ref178064866]2	Discussion
2.1	Processing timeline enhancements
The DL data transmission timeline is illustrated in Error! Reference source not found. with one retransmission. The UL data transmission timeline is illustrated in Figure 2 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, the latency requirements are of order of 1ms  (e.g., 0.5 ms). To fulfil the latency requirements, we propose that capability #3 as provided in Table 1 to be defined in Rel-16.
[bookmark: _Ref528920744]Table 1: UE processing time capability #3
	Configuration
	HARQ Timing
(in #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][bookmark: _Toc528971431]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][bookmark: _Toc528971432]The UE processing time capability #3 is 2.5/2.5/5/10 OS for 15/30/60/120 kHz SCS.

For TDL,align, this is significantly influenced by PDCCH periodicity. 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 our companion contribution [7].
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Figure 1: DL data latency with one retransmission 
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[bookmark: _Ref528920315]Figure 2: UL data latency with configured grant and one retransmission

2.2	HARQ-ACK transmission
For URLLC with tight latency requirements there is a need to have several transmission opportunities within a slot for PDSCH transmission and hence also a need for several opportunities for HARQ-ACK reporting on PUCCH within a slot. In Rel-15, at most one PUCCH transmission including HARQ-ACK is supported per slot. This will increase the alignment time for sending the HARQ-ACK. To reduce the 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. As discussed above, while N1 gives the minimum number of OFDM symbols from the end of a PDSCH until the beginning of the corresponding HARQ-ACK transmission on a PUCCH, the actual transmission time of HARQ-ACK is further limited by the allowed number of PUCCHs within the slot.
[bookmark: _Toc528971433]Support at least two PUCCH transmissions for HARQ-ACK in a slot for Rel-16.

Supporting more than 2 PUCCH transmission per slot, requires additional considerations with respect to the availability of PUCCH resources and corresponding signalling that we discuss in the following.
In Rel-15, a UE can be configured with maximum four PUCCH resource sets where each PUCCH resource set consisting of a number of PUCCH resources, can be used for a range of UCI sizes provided by configuration, including HARQ-ACK bits. The first set is only applicable for 1-2 UCI bits including HARQ-ACK information and can have maximum 32 PUCCH resources, while the other sets, if configured, are used for more than 2 UCI bits including HARQ-ACK and can have maximum 8 PUCCH resources. When a UE reports HARQ-ACK on PUCCH it determines a PUCCH resource set based on the number of HARQ-ACK information bits and the PUCCH resource indicator field in last DCI format 1_0 or DCI format 1_1 that have a value of PDSCH-to-HARQ feedback timing indicator indicating same slot for the PUCCH transmission. When the size of the PUCCH resource set  is at most 8 the PUCCH resource identity is explicitly indicated by the PUCCH resource indicator field in the DCI while for up to 2 HARQ-ACK bits. If the size of PUCCH resource set is more than 8, the PUCCH resource identity is determined by the index of first CCE for the PDCCH reception in addition to the PUCCH resource indicator field in the DCI , see [6] Section 9.2.3.  
For URLLC with tight latency requirements there is a need to have several transmission opportunities within a slot for PDSCH transmission and hence also a need for several opportunities for HARQ-ACK reporting on PUCCH within a slot as mentioned earlier. 
This means that a UE needs to be configured with several PUCCH resources to enable the possibility for multiple opportunities of HARQ-ACK transmissions within a slot although that only one of them may be used in each slot. For example, a UE running URLLC service may be configured with possibility of receiving PDCCH in every second OFDM symbol e.g. symbol 0,2, 4, …, 12 and PUCCH resources for HARQ-ACK transmission also in every second symbol, e.g. 1, 3, …., 13. This means that UE need to be configured with a set of 7 PUCCH resources just for HARQ-ACK reporting for URLLC for a given UCI size range. Since there may be a need to have other PUCCH resources for other needs the list of at most 8 PUCCH resources that can be explicitly indicated by PUCCH resource indicator in the DCI may likely be exceeded. If there are more than 8 PUCCH resources in the set in case of 1-2 HARQ-ACK bits the index of first CCE will control which PUCCH resource is indicated. Hence the locations where the DCI can be transmitted may be limited to be able to reference an intended PUCCH resource. Consequently, this may impose scheduling restrictions where the DCI can be transmitted and may also cause “blocking” if the DCI cannot be sent on desired CCE (due to that it is already used for some other UE). Therefore, instead of configuring 7 PUCCH resources in the example above, one can assume one PUCCH resource with a periodicity for transmission opportunity of every 2 symbols within a lot.
Furthermore, the UE PDSCH processing procedure time, see [7], Section 5.3, states that UE shall provide a valid HARQ-ACK message if the PUCCH which carries HARQ-ACK information starts no earlier than symbol L1 that depend on  and . This means that there is an earliest time within a slot where the PUCCH resource can be located for UE to be able to transmit the HARQ-ACK but also that UE shall transmit the HARQ-ACK if such a resource is configured. Hence, if multiple PUCCH resources are defined to increase transmission opportunities for HARQ-ACK transmission there will anyway be only one of these PUCCH resources where UE at earliest can transmit the HARQ-ACK. The earliest opportunity based on the required processing time as discussed above, can be used to determine which period is valid for the transmission. The symbol within the period that determines the starting transmission of the PUCCH, can be derived from the start symbol index in the PUCCH resource configuration adjusted to the period, similarly to the SR. Therefore, we propose: 
[bookmark: _Toc528971434]Support adding periodicity to the configuration of a PUCCH resource in a PUCCH resource set to provide multiple transmission opportunities of the PUCCH resource within a slot.
[bookmark: _Toc528971435]The PUCCH occasion carrying the HARQ-ACK transmission is determined as the earliest one meeting the required processing time.
[bookmark: _Toc528971436]The configured starting symbol index of the PUCCH resource modulo periodicity determines the actual starting symbol of the PUCCH transmission, similarly to SR.
2.3	Out of order HARQ feedback and scheduling
In Rel-15, out-of-order scheduling/HARQ is not supported. The relevant Rel-15 agreements are as follows: 
	Agreements (RAN1#92):
· For any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE is not expected to be triggered to send the HARQ-ACK for A after the HARQ-ACK for B
· Note: this does not preclude a future capability for UEs to support out-of-order HARQ-ACK.
· Send LS to RAN2 to address this capability (R1-1803509, which is approved by removing the 2nd subbullet, final LS is R1-1803538)
· 
Agreements (RAN1#93):
· For any two HARQ process IDs A and B for a given cell, 
· If the scheduling DCI scrambled by C-RNTI for unicast PUSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PUSCH transmission B, then for the Dec. 2017 baseline capability
· UE is not expected to be scheduled such that PUSCH for B is before the PUSCH for A
· For any two HARQ process IDs A and B for a given cell, 
· If the scheduling DCI scrambled by C-RNTI for unicast PDSCH transmission A comes before (in time) the scheduling DCI scrambled by C-RNTI for unicast PDSCH transmission B, then for the Dec. 2017 baseline capability
· UE is not expected to be scheduled such that PDSCH for B is before the PDSCH for A


 
However, another aspect to enhance the timeline and hence reducing delay is to potentially support out-of-order scheduling/HARQ. For out-of-order HARQ, the goal is that URLLC PDSCH have faster HARQ response than eMBB PDSCH, where HARQ for URLLC is ahead of an earlier eMBB packet. Similar for PDCCH scheduling PUSCH, where the goal is that PDCCH can schedule an URLLC PUSCH earlier than an eMBB PUSCH.
In Rel-15, there is already a support for a UE to skip processing a number of PDSCH depending on the capability processing time and the scheduled bandwidth as it is stated in the following which can be extended for Re-16.
	From Section 5.3 of 38.214:
For UE processing capability 2 with scheduling limitation when µ = 1, if the scheduled RB allocation exceeds 136 RBs, the UE defaults to capability 1 processing time. The UE may skip decoding a number of PDSCHs with last symbol within 10 symbols before the start of a PDSCH that is scheduled to follow Capability 2, if any of those PDSCHs are scheduled with more than 136 RBs with 30kHz SCS and following Capability 1 processing time.



If HARQ out-of-order and grant-out-of-order are supported, there would be a need to support a new processing capability to make the feature beneficial. In that case, the feature can be used even for eMBB traffic if the UE supports this capability. Therefore, for Rel-16, we propose to consider the following:
[bookmark: _Toc528971437]In Rel-16, out-of-order HARQ and out-of-order grant for DL and UL transmission are supported.
2.4 	CSI processing timeline
In NR Rel-15, the CSI processing timeline for aperiodic CSI report is defined as follows: and , where M is the number of updated CSI report(s) according to Subclause 5.2.1.6,  corresponds to the m-th updated CSI report and is defined as
-	 of the table 5.4-1 if the CSI is triggered without a PUSCH with either transport block or HARQ-ACK or both when L = 0 CPUs are occupied (according to Subclause 5.2.1.6) and the CSI to be transmitted in a single CSI and corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'TypeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI', or
-	 of the table 5.4-2 if the CSI to be transmitted corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'TypeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI', or
-	 of the table 5.4-2 if reportQuantity is set to 'cri-RSRP' or 'ssb-Index-RSRP', where Xµ is according to UE reported capability [FG 2-25] and KBl is according to UE reported capability [FG-2-28], or
-	 of table 5.4-2 otherwise.
-	µ of table 5.4-1 and table 5.4-2  corresponds to the min (µPDCCH, µCSI-RS, µUL) where the µPDCCH corresponds to the subcarrier spacing of the PDCCH with which the DCI was transmitted and µUL corresponds to the subcarrier spacing of the PUSCH with which the CSI report is to be transmitted and µCSI-RS corresponds to the minimum subcarrier spacing of the aperiodic CSI-RS triggered by the DCI
Table 5.4-1: CSI computation delay requirement 1


Z1 [symbols]

Z1
Z'1
0
10
8
1
13
11
2
25
21
3
43
36

Table 5.4-2: CSI computation delay requirement 2


Z1 [symbols]
Z2 [symbols]
Z3 [symbols]

Z1
Z'1
Z2
Z'2
Z1
Z'1
0
22
16
40
37
22
X1
1
33
30
72
69
33
X2
2
44
42
141
140
min(44, X3+ KB1)
X3
3
97
85
152
140
min(97, X4+ KB2)
X4



In the above passage form 38.214, Z corresponds to the timing requirement from triggering PDCCH to the start of the PUSCH carrying the CSI report and it should thus encompass DCI decoding time, possible CSI-RS measurement time, CSI calculation time, UCI encoding time, and possible UCI multiplexing and UL-SCH multiplexing. Z’ on the other hand corresponds to the timing requirement from aperiodic CSI-RS (if used) to the start of the PUSCH carrying the report. The difference between these two values is thus only the DCI decoding time.
In Rel-15, there exists no “advanced CSI processing capability”, that is, there is only a baseline CSI processing capability defined that all UEs must support. There was a discussion to include such an advanced CSI processing capability in Rel-15, but it was not included due to lack of time.
Three “latency classes” for CSI content are defined in Rel-15. 
· Beam reporting class: L1-RSRP reporting with CRI/SSBRI
· Low latency CSI: Defined as a single wideband CSI report with at most 4 CSI-RS ports (without CRI reporting), using either the Type I single panel codebook or non-PMI reporting mode
· High Latency CSI: All other types of CSI content

For each of these three classes, different requirements on (Z,Z’) are defined (according to CSI computation delay requirement 2). There also exist a more stringent CSI requirement, CSI computation delay requirement 1, which is only applicable when the UE is triggered with a single Low Latency CSI report without UL-SCH or UCI multiplexing and when the UE have all its CSI Processing Units unoccupied (i.e. it is not already calculating some other CSI report). 
In NR Rel-15, the mandatory UE CSI processing capability requires a UE to support calculation of 5 simultaneous CSI reports (which may be across different carriers, in the same carrier or as a single report with multiple CSI-RS resources).The values of (Z,Z’) is CSI processing requirement 2 where thus determined so that all UEs should be able to calculate 5 CSI reports within this timeframe. As some UE implementations calculate multiple CSI reports in a serial fashion, this implies that, roughly speaking, the CSI requirement 2 is about 5x longer than what it would be if the requirement were that only a single CSI report would need to be computed.
If the intention is only to trigger a single CSI report, the CSI timing requirement could be reduced by a factor 5 
In a typical URLLC scenario, and indeed, in many typical deployments and scenarios, the gNB is only interested in triggering a single CSI report at the time. It is thus a bit unfortunate that the timing requirement is 5x longer than it has to be for that case. This excessively long CSI calculation time puts additional implementation constraints for the scheduler, as the N2 requirement for data triggering and K1 requirement for HARQ-ACK is much lower than the CSI processing requirement. For CSI processing timeline enhancements for eURLLC, we therefore propose to introduce a new CSI timing requirement (“CSI computation delay requirement 3”), which may be sued when the UE is triggered with a single CSI report.
[bookmark: _Toc528971438]Introduce a new CSI timing requirement, applicable when a single CSI report is triggered
A starting position could be to take the values defined for CSI timing requirement 2 and divide by a factor 5.
Another possible CSI processing timeline enhancement is to introduce an advanced CSI processing capability. That is, to introduce a new set of tables for the two existing CSI timing requirements (as well as for the third one just proposed). A UE could then similarly to the advanced processing capabilities for P*SCH indicate in its capability that is supports the more aggressive CSI timeline.
[bookmark: _Toc528971439]Consider introducing an advanced CSI processing capability, with more aggressive requirements for all the CSI computation delay requirements 
[bookmark: _Toc528920265]Conclusion
In this contribution, we discussed methods that can further improve the timeline with respect to scheduling and HARQ and CSI transmission and proposed the following:
Proposal 1	Define further aggressive UE processing time capability #3 for Rel-16.
Proposal 2	The UE processing time capability #3 is 2.5/2.5/5/10 OS for 15/30/60/120 kHz SCS.
Proposal 3	Support at least two PUCCH transmissions for HARQ-ACK in a slot for Rel-16.
Proposal 4	Support adding periodicity to the configuration of a PUCCH resource in a PUCCH resource set to provide multiple transmission opportunities of the PUCCH resource within a slot.
Proposal 5	The PUCCH occasion carrying the HARQ-ACK transmission is determined as the earliest one meeting the required processing time.
Proposal 6	The configured starting symbol index of the PUCCH resource modulo periodicity determines the actual starting symbol of the PUCCH transmission, similarly to SR.
Proposal 7	In Rel-16, out-of-order HARQ and out-of-order grant for DL and UL transmission are supported.
Proposal 8	Introduce a new CSI timing requirement, applicable when a single CSI report is triggered
Proposal 9	Consider introducing an advanced CSI processing capability, with more aggressive requirements for all the CSI computation delay requirements
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