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1 Introduction
From last RAN1 meeting, the following agreement was made for evaluating the necessity to have new N1/N2 UE processing capability. 
	Agreements:

· In order to evaluate the necessity to introduce a new N1/N2 timing capability in Rel. 16 eURLLC, the following aspects should be considered:

· Perform latency analysis to identify the set of scheduling configuration parameters for which the eURLLC latency requirement(s) can/cannot be satisfied under the NR Rel. 15 timing capabilities.

· To do this, the worst-case achievable latency should be considered.

· Perform system-level and/or link-level evaluations to investigate the gains brought by reducing N1/N2 and allowing for more (re-)transmissions within the eURLLC latency budget.

· For system-level evaluation, the performance metrics agreed for Rel. 16 eURLLC SI are applied.

· For link-level evaluation, at least the resource efficiency, i.e., the average number of REs used for completing the transmission of a TB, should be reported. The number of transmissions for successfully decoding a TB and the target BLER for each transmission should be reported.

· For both system-level and link-level evaluations, the simulation parameters agreed for Rel. 16 eURLLC SI are the baseline.

· For all aspects, the comparison reference point is Rel. 15 NR capability timing 2 for FR1 and Rel. 15 NR capability timing 1 for FR2.

· For all aspects, companies should report the assumed values for the following parameters:

· Alignment latency 

· The considered N1/N2 values

· SR periodicity in case the first PUSCH Tx is based on a dynamic grant

· SR reception to initial PUSCH grant processing time at the gNB

· PDCCH monitoring periodicity 

· The number of BDs/non-overlapping CCEs per monitoring occasion should be reported.

· For the purpose of this study, the possibility of enhancing the number of non-overlapping CCEs/BDs for NR eURLLC can be considered.

· Type-B time-domain allocation length for PDSCH/PUSCH channels 

· Time-domain allocation length for PDCCH, SR and PUCCH

· UE and gNB PDSCH/PUSCH decoding time

· The HARQ-ACK to reTx PDCCH  and PUSCH to reTx PDCCH processing time at the gNB 

· The maximum number of possible PUCCH transmissions carrying HARQ-ACK per slot

· Companies can report operation constraints (e.g., compact DCI, TB size, #RBs, #layers, #CCs, etc.) needed to enable reducing N1/N2.
· Note: If TDD is assumed, the DL/UL configurations should be reported.


This contribution discusses numerical latency analysis on scheduling/HARQ processing timeline and the necessity based on results. Since there were no discussions regarding CSI processing timeline and others, the contents are mainly same as previous one [1]. Also, it is newly added to discuss CSI reference resource for URLLC service. 
2 Scheduling/HARQ processing timeline 
In this section, Rel.15 NR capability timing 2 for FR 1 is considered for evaluating latency reduction performance depending on PDCCH monitoring period, PDSCH/PUSCH data resource allocation, gNB decoding time and so on in case of grant-based PDSCH, grant-based PUSCH and grant-free PUSCH. In this contribution, N1 means values for PDSCH to HARQ-ACK reporting time in case of processing time capability 2. N2 means values for PDCCH to PUSCH preparation time in case of processing time capability 2. Also, perfect PDCCH decoding and FDD are assumed to evaluate. Detailed analyses are given in Tables 1-6 in the appendix. From Tables 4-6, following some observations can be made in case of 15kHz subcarrier spacing. 
Observation 1: In case of 15kHz and grant-based PDSCH (or grant-free PUSCH), there is no benefit to reduce processing time when PDSCH/PUSCH duration are 4OS and 7OS in terms of the maximum number of transmissions within 1ms.
Observation 2: To increase the maximum number of transmission within 1ms latency, scaling factor(N1’/N1=N2’/N2) should be 0.2 for grant-based PDSCH and 0.3 for grant-free PUSCH in case of 15kHz and 2OS PDSCH/PUSCH duration.
Observation 3: Scaling factor(N1’/N2=N2’/N2) should be 0.6 (or 0.3) to transmit at least one PUSCH in case of 15kHz and PUSCH duration of 2OS (or 4OS).
As shown in Tables 4-6 in appendix, it is evident that the maximum number of transmission within 1ms when UE and gNB apply faster processing time. However, it is also evident that both UE and gNB are required to have higher performance, bigger complexity, larger cost to achieve this. That is, it would be difficult to satisfy latency requirements for all cases such as subcarrier spacing, time domain data resource allocation and so on. Therefore, it is better to see that the latency requirement is satisfied when at least one of possible combinations can achieve eURLLC latency requirement of 1ms. Regarding grant-based PUSCH with 15kHz, it could not be big problems since there are alternatives to support URLLC PUSCH transmission such as grant-free PUSCH and grant-based PUSCH with 30kHz. Furthermore, from the point of view that Rel-15 NR have had a variety of numerologies to support many services, it does not need that grant-based PUSCH with 15kHz should support URLLC service having 1ms. Instead, grant-based PUSCH with 15kHz might support other URLLC service having larger latency bound than 1ms. That is, grant-based PUSCH with 15kHz could be applied for other URLLC services having larger latency than 1ms. 
Proposal 1: No need to introduce new scheduling/HARQ processing time (like N1’ and N2’) for grant-based PUSCH with 15kHz subcarrier spacing because there are other options to support such as grant-free PUSCH and other subcarrier spacings. 
Next, it considers how many resources are used according to different transmission opportunities. For simplicity, two cases are assumed to evaluate: one is one transmission (one shot) and the other is two transmissions (two shots). For each transmission, 4 symbol duration and mapping type B (front-loaded DMRS) are considered, that is, 1 symbol is used for DMRS transmission and the remaining 3 symbols are used for data transmissions. In case of one shot, it is assumed that gNB shall schedule the TBS satisfying BLER of 10-6. On the other hand, in case of two shots, the first transmission is targeted for BLER of 10-1 and the second transmission is targeted for BLER of 10-6. Moreover, for calculating the number of REs used for data transmission, it should take the number of REs used for control transmission scheduling the data transmission into account. In this regards, there are two models for PDCCH ALs according to SNR range. 
Table 7. Two overhead models for PDCCH ALs

	PDCCH overhead Model A
	PDCCH overhead Model B

	ALs
	SNR range (dB)
	ALs
	SNR range (dB)

	1
	9 ~
	1
	5 ~

	2
	5 ~ 8
	2
	-1 ~ 4

	4
	0 ~ 4
	4
	~ -2

	8
	~ -1
	
	


In Table 7, model A is based on PDCCH evaluation results in case of TDL-C 300ns 4RX presented in [3], while model B is assumed to use less amount of PDCCH resources than model A. 
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Figure 1. the average number of scheduled REs vs. SNR (left: model A, right: model B)
Figure 1 shows the average number of scheduled REs according to different SNR range when gNB can schedule TBS of 32 bytes, respectively. Left figure shows results applied with model A and right figure shows results applied with model B. It is shown that two shots require less average number of scheduled REs than one shot scheme over general SNR range. Gains of two shots over one shot are about 2% ~ 14% in case of model A and gain shows 2% ~ 20% in case of model B. In view that most URLLC UEs would be in medium or high SNR range from DL and UL geometry results of [2], the general gain could be smaller than median values, i.e., 8% for model A and 11% for model B. It is noted that the above results do not take PUCCH overhead for transmitting HARQ-ACK into account and therefore the gain of two shot over one shot would be worse than what it is observed in Fig. 1 if considering the overhead of PUCCH targeting BLER of lower than 10-6.
Observation 4: Two transmissions scheme shows performance gain of 2% ~ 20% over one transmission scheme according to different SNR and PDCCH overhead modelling. 
Observation 5: Two transmissions scheme is expected to have the general gain of lower than 8% over one transmission scheme in case of PDCCH overhead model A if considering DL and UL SNR geometry results. 

Observation 6: Two transmissions scheme is expected to have the general gain of lower than 8% over one transmission scheme in case of PDCCH overhead model A if considering the overhead of PUCCH targeting BLER of lower than 10-6. 
3 CSI processing timeline
For aperiodic CSI reporting, a UE transmits CSI report(s) in a PUSCH after receiving CSI request field in a corresponding DCI format. A processing timeline for CSI computation was introduced in Rel-15 NR. Moreover, if URLLC traffic characteristic is periodic, Rel-15 NR periodic CSI method can be just reused. In case that URLLC traffic has sporadic characteristic, it is mostly difficult for gNB to utilize aperiodic CSI information at initial transmission because traffic arrival of URLLC seems not expectable. So, it is mainly applicable when aperiodic CSI reporting is only applicable between initial transmission and retransmission. However, this is very rare case because retransmission event happens with the probability of 0.001% if gNB schedules URLLC UE using MCS table 3. That is, just one retransmission may be needed among 105 initial transmissions. Above all, it is quite unclear on how/what enhanced CSI processing timeline can improve URLLC requirement. 
Observation 7: There are no clear benefits for enhancing CSI processing timeline for Rel-16 eURLLC.  

Proposal 2: No further study on enhanced CSI processing timeline.  

4 Out-of-order HARQ
Rel-15 NR does not allow having out-of-order HARQ when a gNB schedules multiple PDSCHs or PUSCHs with multiple HARQ processes in order to simplify and optimize UE processors. For example, if a UE is scheduled to transmit PUSCH at slot n+4 upon DCI format detection at slot n, the UE is not able to transmit another PUSCH at slot n+3 after detecting a DCI format at slot n+1. Then, the latter PUSCH needs to be delayed due to the in-order-HARQ condition and this will increase latency. This restriction may be removed for a UE that simultaneously supports a variety of URLLC services with different latency requirements such as in the power distribution scenario. Accordingly, it is necessary to study out-of-order HARQ for UEs supporting URLLC services having different latency requirements. 
Proposal 3: Study out-of-order HARQ procedures.  


If the necessity is identified, a couple of issues should be resolved. First thing is UE capability. So, it needs to discuss which types of UE can support out-of-order HARQ procedures. Main motivation of having in-order HARQ process is to reduce receiver complexity because UE may process each packet in parallel ways like pipe-line process, e.g., in series of gain controller, channel estimation, decoder and so on. Depending on UE capability, out-of-order HARQ can be handled differently. For example, if an UE has multiple receiver blocks or transmitter blocks, UE can process PDSCHs or PUSCHs having out-of-order HARQ without affecting UE processing timeline. For example, if a UE has two separate components per gain controller, channel estimation and decoder, the UE can process at most two PDSCH having out-of-order HARQ using current Rel-15 processing timeline table. So, this kind of information such as the number of processors should be known to gNB to schedule properly considering UE processing timeline. In this regard, it is possible that gNB allows to schedule PDSCH or PUSCH with out-of-order HARQ to only UEs having multiple processors. As other ways, it is also possible that additional UE behaviours (e.g., prioritization or multiplexing) should be studied considering existing processing time if out-of-order HARQ is also supported for UEs having one process. 
Proposal 4: For out-of-order HARQ, UE capability and related UE behaviour should be studied jointly.
5 CSI reference resource 

In LTE and NR release 15, for the CSI reference resource, a slot is used as a time unit to derive the CQI index, in which, 2 OFDM symbols are regarded as control signaling, and 12 OFDM symbols are regarded as PDSCH and DMRS. When URLLC is introduced, the latency and reliability requirement is higher. In order to meet latency requirement, the time unit to transmit PDSCH should be shorter, for lower subcarrier spacing configuration, just several number of OFDM symbols are often used to transmit PDSCH, in this case, the CSI derived based on a slot as time unit is not accurate, therefore, the number of OFDM symbols used as a time unit to derive the CQI index can be configurable.
Proposal 5: For URLLC, the number of OFDM symbols used as a time unit to derive the CQI index can be configurable.
6 Conclusions
This contribution discussed scheduling & HARQ & CSI processing timeline, out-of-order HARQ issue and CSI reference resource. Followings observations and proposals are made. 
Observation 1: In case of 15kHz and grant-based PDSCH (or grant-free PUSCH), there is no benefit to reduce processing time when PDSCH/PUSCH duration are 4OS and 7OS in terms of the maximum number of transmissions within 1ms.

Observation 2: To increase the maximum number of transmission within 1ms latency, scaling factor(N1’/N1=N2’/N2) should be 0.2 for grant-based PDSCH and 0.3 for grant-free PUSCH in case of 15kHz and 2OS PDSCH/PUSCH duration.

Observation 3: Scaling factor(N1’/N2=N2’/N2) should be 0.6 (or 0.3) to transmit at least one PUSCH in case of 15kHz and PUSCH duration of 2OS (or 4OS).
Observation 4: Two transmissions scheme shows performance gain of 2% ~ 20% over one transmission scheme according to different SNR and PDCCH overhead modelling. 

Observation 5: Two transmissions scheme is expected to have the general gain of lower than 8% over one transmission scheme in case of PDCCH overhead model A with considering DL and UL SNR geometry results. 

Observation 6: Two transmissions scheme is expected to have the general gain of lower than 8% over one transmission scheme in case of PDCCH overhead model A if considering the overhead of PUCCH targeting BLER of lower than 10-6. 
Observation 7: There are no clear benefits for enhancing CSI processing timeline for Rel-16 eURLLC.  
Proposal 1: No need to introduce new scheduling/HARQ processing time (like N1’ and N2’) for grant-based PUSCH with 15kHz subcarrier spacing because there are other options to support such as grant-free PUSCH and other subcarrier spacings. 
Proposal 2: No further study on enhanced CSI processing timeline.  

Proposal 3: Study out-of-order HARQ procedures.  

Proposal 4: For out-of-order HARQ, UE capability and related UE behaviour should be studied jointly.
Proposal 5: For URLLC, the number of OFDM symbols used as a time unit to derive the CQI index can be configurable.
References
[1] R1-1812997, “Potential enhancements for scheduling&HARQ&CSI processing timeline”, Samsung
[2] R1-1813000, “Remaining details for evaluation assumption”, Samsung
[3] R1-1812994, “Potential enhancements for PDCCH”, Samsung 
Appendix
Table 1. Scheduling/HARQ processing time for grant-based PDSCH

[image: image2.emf]2OS 4OS 7OS 2OS 4OS 7OS 2OS 4OS 7OS

1 BS processing time  0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

2

DL Frame alignment
(transmission alignment)

0.107 0.128 0.194 0.054 0.064 0.097 0.027 0.032 0.048

3 TTI for DL data packet transmission 0.143 0.286 0.500 0.071 0.143 0.250 0.036 0.071 0.125

4 UE processing delay for PDSCH decoding 0.143 0.143 0.107 0.098 0.098 0.080 0.089 0.089 0.080

1~4 Total time to transmit PDSCH 0.571 0.735 0.980 0.321 0.403 0.526 0.250 0.291 0.352

5 UE processing delay for A/N 0.143 0.143 0.107 0.098 0.098 0.080 0.089 0.089 0.080

6

UL frame alignment 
(transmission alignment)

0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

7 TTI for ACK/NACK transmission 0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

8 BS processing delay 0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

5~8 Total time to send A/N 0.464 0.464 0.429 0.268 0.268 0.250 0.223 0.223 0.214

Step Description

15kHz 30kHz 60kHz


Table 1 shows procedures for transmitting grant-based PDSCH according to subcarrier spacings and PDSCH time domain durations. Also, assumption per each step are considered as follows. 
· Step 1: gNB PDSCH preparation time as N2/2

· Step 2: 2 symbol PDCCH monitoring period without crossing slot border scheduling

· Step 3: PDSCH time domain resource allocation

· Step 4: N1/2 with 1 symbol overlapping between PDCCH and PDSCH

· Step 5: same as step 4, N1/2 

· Step 6: 1 symbol period, that is, HARQ-ACK PUCCH can start every symbol occasion

· Step 7: 1 symbol PUCCH duration for HARQ-ACK

· Step 8: same as step 1, N2/2
Table 2. Scheduling/HARQ processing time for grant-free PUSCH
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1 UE processing time  0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

2

UL Frame alignment
(transmission alignment)

0.107 0.128 0.194 0.054 0.064 0.097 0.027 0.032 0.048

3 TTI for UL data packet transmission 0.143 0.286 0.500 0.071 0.143 0.250 0.036 0.071 0.125

4 gNB processing delay for PUSCH decoding 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

1~4 Total time to transmit PUSCH 0.536 0.699 0.980 0.304 0.385 0.526 0.241 0.282 0.352

5 gNB processing delay for PUSCH scheduling 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

6

DL frame alignment 
(transmission alignment)

0.107 0.107 0.107 0.054 0.054 0.054 0.027 0.027 0.027

7 TTI for PDCCH transmission 0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

8 UE processing delay 0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

5~8 Total time to transmit UL grant 0.464 0.464 0.464 0.268 0.268 0.268 0.223 0.223 0.223

Step Description

15kHz 30kHz 60kHz


Table 2 shows procedures for transmitting grant-free PUSCH according to subcarrier spacings and PDSCH time domain durations. Also, assumptions per each step are considered as follows. 
· Step 1: UE PUSCH preparation time as N2/2

· Step 2: Multiple GF resources. That is, GF PUSCH can start every symbol occasion without crossing slot border
· Step 3: PUSCH time domain resource duration (= GF resource duration)
· Step 4: N1/2 with front-loaded DMRS
· Step 5: same as step 4, N1/2
· Step 6: 2 symbol PDCCH monitoring period
· Step 7: 1 symbol PDCCH duration
· Step 8: same as step 1, N2/2

Table 3. Scheduling/HARQ processing time for grant-based PUSCH
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1 SR waiting time 0.107 0.107 0.107 0.054 0.054 0.054 0.027 0.027 0.027

2 TTI for SR transmisison 0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

3 gNB processing delay for SR decoding 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

4 gNB processing delay for PUSCH scheduling 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

5

DL frame alignment 
(transmission alignment)

0.107 0.107 0.107 0.054 0.054 0.054 0.027 0.027 0.027

6 TTI for PDCCH transmisison 0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

7 UE processing delay 0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

1~7 Total time of SR to UL grant 0.750 0.750 0.750 0.438 0.438 0.438 0.348 0.348 0.348

8 UE processing time  0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

9

UL Frame alignment
(transmission alignment)

0.077 0.102 0.158 0.038 0.051 0.079 0.019 0.026 0.040

10 TTI for UL data packet transmission 0.143 0.286 0.500 0.071 0.143 0.250 0.036 0.071 0.125

11 gNB processing delay for PUSCH decoding 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

1~11 Total time to send PUSCH 1.255 1.423 1.694 0.726 0.810 0.945 0.582 0.624 0.691

12 gNB processing delay for PUSCH scheduling 0.107 0.107 0.107 0.080 0.080 0.080 0.080 0.080 0.080

13

DL frame alignment 
(transmission alignment)

0.107 0.107 0.107 0.054 0.054 0.054 0.027 0.027 0.027

14 TTI for PDCCH transmission 0.071 0.071 0.071 0.036 0.036 0.036 0.018 0.018 0.018

15 UE processing delay 0.179 0.179 0.179 0.098 0.098 0.098 0.098 0.098 0.098

12~15 Total time to transmit UL grant 0.464 0.464 0.464 0.268 0.268 0.268 0.223 0.223 0.223

15kHz 30kHz 60kHz

Step Description


Table 3 shows procedures for transmitting grant-based PUSCH according to subcarrier spacings and PDSCH time domain durations. Also, assumption per each step are considered as follows. 

· Step 1: 2 symbol period for SR resources

· Step 2: 1 symbol PUCCH for SR transmission

· Step 3: N1/2 for SR decoding

· Step 4: N1/2 for PUSCH grant preparation

· Step 5: 2 symbol period for PDCCH monitoring

· Step 6: 1 symbol PDCCH duration

· Step 7: N2/2 for UL grant decoding
· Step 8: N2/2 for PUSCH preparation
· Step 9: PUSCH can start at every symbol without crossing slot border

· Step 10: PUSCH time domain resource duration 
· Step 11: N1/2 with front-loaded DMRS
· Step 12: same as step 11, N1/2
· Step 13: 2 symbol PDCCH monitoring period
· Step 14: 1 symbol PDCCH duration
· Step 15: same as step 8, N2/2

From numerical latency analysis in Tables 1-3, the maximum number of transmission within 1ms latency bound are given as following Tables 4-6 as N1/N2 values are reduced. For easy comparison, new processing time N1’ and N2’ are defined as ratio of N1 and N2. For example, if N1’/N1 = 0.5, it means that new processing time N1’ is a half value of Rel. 15 capability 2 processing time N1. In this contribution, the ratio is called as “scaling factor” for new processing time.

Table 4. Maximum number of transmissions within 1ms for grant-based PDSCH
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1 1 1 1 2 1 1 2 2 2

0.9 1 1 1 2 1 1 2 2 2

0.8 1 1 1 2 2 1 2 2 2

0.7 1 1 1 2 2 1 3 2 2

0.6 1 1 1 2 2 1 3 3 2

0.5 1 1 1 2 2 1 3 3 2

0.4 1 1 1 3 2 2 4 3 3

0.3 1 1 1 3 2 2 4 4 3

0.2 2 1 1 3 2 2 5 4 3

0.1 2 1 1 4 3 2 7 5 4

30kHz 60kHz

N1'/N1=N2'/N2

15kHz


Table 5. Maximum number of transmissions within 1ms for grant-free PUSCH
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Table 6. Maximum number of transmissions within 1ms for grant-based PUSCH
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0.9 0 0 0 1 1 1 2 1 1
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0.7 0 0 0 1 1 1 2 2 1

0.6 1 0 0 2 1 1 2 2 2

0.5 1 0 0 2 1 1 3 2 2

0.4 1 0 0 2 2 1 3 3 2

0.3 1 1 0 2 2 1 4 3 2

0.2 1 1 0 3 2 1 5 4 3

0.1 1 1 0 3 2 1 7 5 3

N1'/N1=N2'/N2
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