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Introduction
In R15, the timeline requirement and for PUSCH and PUCCH channels have been defined as in TS 38.213 mainly for eMBB service. And we intend to analyze the current timeline for PUCCH and PUSCH in this proposal to get a view of enhancements needed for URLLC.
Discussion
PUCCH/PUSCH multiplexing timeline
1.1.1 PUCCH/PUSCH multiplexing rules in NR R15
Detailed description of PUCCH multiplexing procedure for different cases can refer to section 9.2.5 TS 38.213. And we observed that there are two common points among the all the cases,
Point 1, Original channels to be multiplexed need to satisfy the timeline requirements. The purpose of setting timeline requirements is to allow enough time for data decoding/preparation and data multiplexing. So the timeline require the first symbol of all the overlapping channels can’t be too close to the scheduling DCI. Generally, the timeline has the following form in R15 as the agreement in #92b
	#92b Agreements:
· When single-slot PUCCH overlaps with single-slot PUCCH or single-slot PUSCH in slot n for a PUCCH group,
· The UE multiplex all UCIs on either one PUCCH or one PUSCH, using the existing UCI multiplexing rule, if both following conditions are satisfied:
· If the first symbol of the earliest PUCCH(s)/PUSCH(s) among all the overlapping channels starts no earlier than symbol N1+X after the last symbol of PDSCH(s) 
· If the first symbol of the earliest PUCCH(s)/PUSCH(s) among all the overlapping channels starts no earlier than N2+Y after the last symbol of PDCCHs scheduling UL transmissions including HARQ-ACK and PUSCH (if applicable) for slot n
· If at least one pair of overlapping channels does not meet the above timeline requirements, UE consider it is an error case for all UL channels in the group of overlapping channels. UE behavior is not specified. 
· The definition of N1 and N2 follows the same definition in current NR spec. 



Point 2, The finally used resource for transmission after multiplexing is selected according to different rules considering priority, channel capacity and PUCCH resource indication and so on, while time delay is not a factor included. This means the finally transmitted channel can be later than the original channels 
1.1.2  Applicability analysis for URLLC channels 
Let’s consider a scenario that multiple overlapping PUCCH channels and among which at least one is URLLC PUCCH channel. In order to guarantee enough time for preparation of multiplexing, the above timeline in Point 1 should also be satisfied. But the actual value number of N1/N2/X/Y may need specific design for URLLC considering URLLC service may occupy less OFDM symbols in time domain which leads to shorter data decoding/preparation time.  
Proposal 1: The general form of timeline requirements still apply to URLLC channels while the actual value number of N1/N2/X/Y in the timeline may need specific design for URLLC.
As to Point 2, we don’t think it can apply to URLLC service since the original channels can be delayed to a later channel after multiplexing. That means the finally transmitted channel can be later than the URLLC channel. This is a risky behavior since the delayed URLLC channel may not be able to satisfy the stringent delay requirement for the certain type of URLLC service.
Proposal 2: URLLC channels should not be delayed after multiplexing compared to the original channels.
Out of order HARQ feedback
2.2.1 HARQ feedback timeline restriction in NR R15
We had the following agreement in R1 #92 meeting
	Agreements:
· 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)



That means the out of order HARQ feedback timeline shown in Fig 1 is forbidden. This is reasonable for eMBB traffic since there is no need for gNB to schedule one HARQ-ACK with so long delay but another so short. And some UE may not have the capability to decoding two PDSCHs parallelly either.


[bookmark: _Ref27379]Fig 1 HARQ feedback timeline restriction in NR R15
2.2.2 Applicability analysis for URLLC channels 
If the PDSCH 2 in Fig 1 is URLLC data, it is obvious the HARQ feedback timeline restriction should be canceled and there may be several different implementations,
Alt 1, UE decodes PDSCH2 and stop decoding PDSCH 1 and feedback NACK for PDSCH 1.
Alt 2, UE decodes PDSCH2 and stop decoding PDSCH 1, after PDSCH 2 decoding is finished, UE can resume PDSCH 1 decoding and if UE is not able to decode PDSCH 1 in time, UE feedback NACK for PDSCH 1.
Alt 3, UE decodes PDSCH 2 and PDSCH 1 parallelly and feedback HARQ-ACK for both PDSCHs.
Alt 1/2 apply for UE with low capability and Alt 3 for UE with high capability for parallel computing. Generally speaking, they won’t cause impact on current specification for HARQ codebook genaration, but when it comes to UE feature, whether 1/2 bit is added to distinguish UE capability needs further discussion. 
Proposal 3: Out of order HARQ should be supported in NR Rel-16 and whether 1/2 bit is added to distinguish UE capability for implementation of out of order HARQ needs further discussion
Out of order scheduling
1.1.3 PUSCH timeline restriction in NR R15
The current specification set a restriction for PUSCH scheduling timeline in TS 38.214 section 6.1/5.1
	For any two HARQ process IDs in a given cell, if the UE is scheduled to start a PUSCH transmission in symbol j by a PDCCH in symbol i, the UE is not expected to be scheduled to transmit a PUSCH starting earlier than symbol j by a PDCCH starting later than symbol i.
For any two HARQ process IDs in a given cell, if the UE is scheduled to start receiving a PDSCH in symbol j by a PDCCH starting in symbol i, the UE is not expected to be scheduled to receive a PDSCH starting earlier than symbol j with a PDCCH starting later than symbol i.



Fig 2 describes the forbidden scheduling scenarios. These restrictions are reasonable in eMBB since there is no need to schedule one PUSCH with so long latency but another so short. For out of order PUSCH scheduling, UE with no parallel computing capability may not be able to prepare PUSCH2 in the middle of preparing PUSCH1. For out of order PDSCH scheduling, gNB has assigned a k1/PRI value for HARQ of PDSCH1 without considering of any PDSCH in the midway, but when PDSCH2 appears, UE has to decode PDSCH2 first, and for UE with no parallel computing capability, it may not be able to finish PDSCH1 decoding in time thus failing to generate HARQ-ACK of PDSCH1 in the original assigned k1/PRI resource. 


[bookmark: _Ref27569]Fig 2 PUSCH/PDSCH scheduling timeline restriction in NR R15
1.1.4 Applicability analysis for URLLC channels 
If the PUSCH2/PDSCH2 in Fig 2 is URLLC data, it is obvious the scheduling timeline restriction should be canceled and URLLC PUSCH/PDSCH should have priority over eMBB. And there may be several different implementations,
Alt 1, UE prepares/decodes PUSCH2/PDSCH2 and stop preparing/decoding PUSCH1/PDSCH1. That means PUSCH1 is not transmitted and UE feedback NACK for PDSCH 1.
Alt 2, UE prepares/decodes PUSCH2/PDSCH2 and stop preparing/decoding PUSCH1/PDSCH1, after preparing/ decoding PUSCH2/PDSCH2 is finished, UE can resume preparing/decoding PUSCH1/PDSCH1. If UE is not able to prepare PUSCH1 in time, PUSCH1 is not transmitted. If a UE is not able to decode PDSCH1 in time, the UE feeds back NACK for PDSCH1.
Alt 3, UE prepares/decodes PUSCH1&2/PDSCH1&2 parallelly. UE transmit both PUSCH1&2. UE feeds back HARQ-ACKs for both PDSCH1&2.
Alt 1/2 applies for UE with low capability and Alt 3 for UE with high capability for parallel computing. For out of order PDSCH scheduling, it can be handled by UE implementation, and no specification impacts, but for out of order PDSCH scheduling, it’s better for gNB to predetermine whether UE will transmit PUSCH1 or not, so that gNB can save the effort to decoding an dummy PUSCH and schedule the resource of PUSCH1 to other UEs.   
Proposal 4: Out of order PUSCH&PDSCH scheduling should be supported in Rel-15 and schemes for gNB to predetermine whether the interrupted PUSCH will be transmitted or not are for further study. 
Out of order HARQ&PUSCH multiplexing
1.1.5 HARQ&PUSCH multiplexing timeline restriction in NR R15
In current specification, we have the following HARQ&PUSCH multiplexing timeline restriction, 
	TS 38.213 9.1.2.2（for semi-static HARQ codebook）
A UE sets to NACK value in the HARQ-ACK codebook any HARQ-ACK information corresponding to PDSCH reception or SPS PDSCH release scheduled by DCI format 1_0 or DCI format 1_1 that the UE detects in a PDCCH monitoring occasion that is after a PDCCH monitoring occasion where the UE detects a DCI format 0_0 or a DCI format 0_1 scheduling the PUSCH transmission.
TS 38.213 9.1.3.2（for dynamic HARQ codebook）
A UE does not multiplex in a PUSCH transmission HARQ-ACK information that is in response to PDSCH reception or SPS PDSCH release scheduled by DCI format 1_0 or DCI format 1_1 that the UE detects in a PDCCH monitoring occasion that is after a PDCCH monitoring occasion where the UE detects a DCI format 0_0 or a DCI format 0_1 scheduling the PUSCH transmission.



The above two rules can be translate into the following two figures,


Fig 3 HARQ&PUSCH multiplexing timeline restriction for semi-static HARQ codebook


Fig 4 HARQ&PUSCH multiplexing timeline restriction for dynamic HARQ codebook
1.1.6 Applicability analysis for URLLC channels 
It is justifiable to have those restrictions for eMBB since UE can start preparing PUSCH any time after receiving the UL grant without worrying about possible HARQ-ACK multiplexing caused by subsequent PDSCH scheduling. But in URLLC/eMBB mixed scenario, URLLC data may need to be scheduled after an eMBB UL grant and with HARQ-ACK feedback overlapped with eMBB PUSCH. 
If we have further enhancement on URLLC data processing time, which means URLLC PDSCH decoding costs much shorter time than eMBB PUSCH preparation, UE will be able to schedule URLLC PDSCH with HARQ-ACK overlapped with eMBB PUSCH even after the deadline for preparing PUSCH,as in Fig 5.


[bookmark: _Ref27863]Fig 5 URLLC PDSCH scheduled after the deadline for preparing PUSCH
Simply cancelling the above restrictions seems not working since sometimes URLLC HARQ just cannot be multiplexed into eMBB PUSCH due to short of time. A straightforward solution can be that eMBB PUSCH is punctured by URLLC HARQ if they overlapping with each other. So the current restrictions for eMBB in Rel-15 needs no change but another rule for URLLC HARQ/ eMBB PUSCH multiplexing should be defined.
Proposal 5: The current HARQ&PUSCH multiplexing timeline restriction for eMBB in Rel-15 needs no change but another rule for URLLC HARQ/ eMBB PUSCH multiplexing should be defined.
Scheduling/HARQ processing timeline
Two important requirements of URLLC are low latency and high reliability. R15 NR has defined some mechanism to reduce latency and improve reliability, such as flexible transmission time interval duration, flexible PDCCH monitoring occasion configuration, lower MCS table, etc. In addition, two UE capabilities are defined and capability 2 has shorter processing time. Here we analyze whether UE capability 2 can achieve the latency requirement for URLLC base on current frameworks of NR. More details and assumptions on analysis can be found in the annex. 
PDSCH transmission latency
The latency of PDSCH transmission under 15k SCS and 30k SCS is shown in table 1. The details of analysis can be found in Table 7 in the annex. We can see that only one shot transmission under 30k SCS can meet the 1ms latency and HARQ retransmission cannot meet the 1ms latency.   
Table 1 Latency of PDSCH transmission
	capability 2
	30k SCS
	15k SCS

	PDSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	One shot latency
	0.67
	0.73
	0.81
	1.25
	1.37
	1.54

	Retran. Latency
	1.42
	1.56
	1.72
	2.61
	2.75
	3.36

	Processing ratio 1
	0.41
	0.38
	0.34
	0.37
	0.34
	0.30

	Processing ratio 2
	0.47
	0.43
	0.39
	0.42
	0.40
	0.33



Observation 1: One shot transmission under 30k SCS can meet 1ms latency. Even once HARQ retransmission cannot meet the 1ms latency. 
In R15 NR, only one PUCCH with HARQ-ACK is allowed to be transmitted in one slot, which will lead to large latency for HARQ-ACK feedback. The latency for PDSCH transmission/retransmission under the condition that multiple PUCCH with HARQ-ACK is allowed to be transmitted in one slot is shown in Table 2.  The details of analysis can be found in Table 8 in the annex. Comparing with table 1, we can see that the latency is reduced about 20%. 
[bookmark: _Ref29855]Table 2 Latency of PDSCH transmission under the condition that multiple PUCCHs with HARQ-ACK in one slot
	capability 2
	30k SCS
	15k SCS

	PDSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	One shot latency
	0.46
	0.58
	0.69
	0.82
	1.06
	1.29

	Retran. Latency
	1.03
	1.21
	1.44
	1.82
	2.32
	2.79

	Processing ratio 1
	0.60
	0.48
	0.40
	0.57
	0.44
	0.36

	Processing ratio 2
	0.65
	0.55
	0.47
	0.61
	0.48
	0.40


Observation 2: The latency can be reduced about 20% if multiple PUCCH with HARQ-ACK is allowed to be transmitted in one slot.
Grant-based PUSCH transmission latency 
The details of latency analysis of grant-based PUSCH transmission can be found in the annex. Table 3 is the latency for grant-based PUSCH transmission. The details of analysis can be found in Table 9 in the annex. Similar as PDSCH, one-shot transmission under 30k SCS can meet the 1ms latency. The latency of 7OS PUSCH one-shot transmission exceeds 1ms because UE has to send SR to gNB before the gNB sends UL grant to UE. From Table 1 to Table 3, we can see that processing time has a high ratio in the total transmission latency.
Table 3 Latency of grant-based PUSCH
	capability 2
	30k SCS
	15k SCS

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	One shot latency
	0.87
	0.95
	1.04
	1.46
	1.63
	1.82

	HARQ retr latency
	1.37
	1.62
	1.79
	2.32
	2.68
	3.32

	Processing ratio
	0.79
	0.72
	0.66
	0.76
	0.68
	0.61

	Processing ratio
	0.79
	0.67
	0.60
	0.75
	0.65
	0.53


Observation 3: Only one shot PUSCH transmission in 2OS and 4OS under 30k SCS can meet the latency requirement. Even once HARQ retransmission cannot meet the 1ms latency.
Observation 4: Processing time including UE processing and gNB processing has a higher ratio in the total transmission latency. 
A method to improve data reliability is PUSCH repetition, i.e. the sender may transmit data more than one times and the receiver feedback the HARQ-ACK only after receiving the last data. R15 NR only supports inter-slot repetition and it is obvious that intra-slot repetition can further reduce latency than inter-slot repetition, which is beneficial for URLLC. Here we analyze the latency of both repetition scheme and the result is shown in Table 4. The details of analysis can be found in Table 10 in the annex. Compared with Table 3, PUSCH repetition has the lower latency than HARQ retransmission. Intra-slot repetition has the lower latency than inter-slot repetition due to shorter gap between the first transmission and the second transmission. However, for 2OS PDSCH duration under 30k SCS, 3 times intra-slot repetition cannot meet the 1ms latency. 
[bookmark: _Ref6305]Table 4 Latency of PUSCH repetition
	
	30k SCS inter-slot repetition
	30k SCS intra-slot repetition
	15k SCS inter-slot repetition
	15k SCS intra-slot repetition

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	Latency of once
	0.87
	0.95
	1.04
	0.87
	0.95
	1.04
	1.46
	1.63
	1.82
	1.46
	1.63
	1.82

	Latency of twice
	1.37
	1.45
	1.54
	0.94
	1.09
	1.29
	2.46
	2.63
	2.82
	1.61
	1.92
	2.32

	Latency of three
	1.87
	1.95
	2.04
	1.01
	1.24
	1.54
	3.46
	3.63
	3.82
	1.75
	2.20
	2.82

	Latency of four
	2.37
	2.45
	2.54
	1.08
	1.38
	1.79
	4.46
	4.63
	4.82
	1.89
	2.49
	3.32



Observation 5: Intra-slot repetition has the lower latency than inter-slot repetition and HARQ retransmission. 
Grant-free PUSCH transmission latency
For grant-free PUSCH transmission, UE can transmit UL data on the pre-allocated resource without sending SR. If network does not decode the PUSCH successfully, it will send an UL grant to schedule the same TB as soon as possible. In other words, HARQ retransmission for grant-free PUSCH is scheduled by network. For grant-free PUSCH transmission with repetition, gNB only schedule the same TB after the last transmission if it still cannot decode the PUSCH. 
The latency of grant-free PUSCH transmission/retransmission and grant-free PUSCH transmission with repetition is shown in Table 5 and Table 6, respectively. The details of analysis can be found in Table 11 and Table 12 in the annex, respectively. We can see that grant-free PUSCH has advantage on latency than grant-based PUSCH. However, the pre-allocated resource for grant-free PUSCH reserves large overheads. 
[bookmark: _Ref6010]Table 5 Latency of grant-free PUSCH
	
	30k SCS
	15k SCS

	PUCCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	One shot latency
	0.38
	0.51
	0.65
	0.61
	0.86
	1.14

	HARQ retr latency
	0.92
	1.09
	1.40
	1.54
	2.03
	2.64



[bookmark: _Ref6013]Table 6 Latency of grant-free PUSCH with repetition
	
	30k SCS inter-slot repetition
	30k SCS intra-slot repetition
	15k SCS inter-slot repetition
	15k SCS intra-slot repetition

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	Latency of once
	0.38
	0.51
	0.65
	0.38
	0.51
	0.65
	0.61
	0.86
	1.14
	0.61
	0.86
	1.14

	Latency of twice
	0.88
	1.01
	1.15
	0.46
	0.68
	0.90
	1.61
	1.86
	2.14
	0.75
	1.20
	1.64

	Latency of three
	1.38
	1.51
	1.65
	0.53
	0.85
	1.15
	2.61
	2.86
	3.14
	0.89
	1.53
	2.14

	Latency of four
	1.88
	2.01
	2.15
	0.60
	1.01
	1.40
	3.61
	3.86
	4.14
	1.04
	1.86
	2.64



Observation 6: Grant-free PUSCH transmission has a lower latency compared with grant-based PUSCH transmission.
Observation 7: For four times PUSCH repetition, only 2 OFDM symbols PDSCH duration under 30k SCS can meet the 1ms latency.
Based on the observations, we have the following proposals.
Proposal 6: Intra-slot repetition for PUSCH should be allowed to reduce latency for URLLC.
Proposal 7: A lower UE processing time should be defined to reduce the latency for URLLC. 
Conclusions
In this contribution, we analyze the multiplexing timeline rules for URLLC PUCCH channels in this proposal to get a view of enhancements needed. In summary, we have the following observations and proposals for capturing.
Observation 1: One shot transmission under 30k SCS or one shot transmission with 2 OFDM symbols PDSCH duration under 15k SCS can meet 1ms latency. Even once HARQ retransmission cannot meet the 1ms latency.
Observation 2: The latency can be reduced about 20% if multiple PUCCH with HARQ-ACK is allowed to be transmitted in one slot.
Observation 3: Only one shot PUSCH transmission in 2OS and 4OS under 30k SCS can meet the latency requirement. Even once HARQ retransmission cannot meet the 1ms latency.
Observation 4: Processing time including UE processing and gNB processing has a higher ratio in the transmission latency.
Observation 5: Intra-slot repetition has the lower latency than inter-slot repetition and HARQ retransmission.
Observation 6: Grant-free PUSCH transmission has a lower latency compared with grant-based PUSCH transmission.
Observation 7: For four times PUSCH repetition, only 2 OFDM symbols PDSCH duration under 30k SCS can meet the 1ms latency.
Proposal 1: The general form of timeline requirements still apply to URLLC channels while the actual value number of N1/N2/X/Y in the timeline may need specific design for URLLC.
Proposal 2: URLLC channels should not be delayed after multiplexing compared to the original channels.
Proposal 3: Out of order HARQ should be supported in NR Rel-16 and whether 1/2 bit is added to distinguish UE capability for implementation of out of order HARQ needs further discussion
Proposal 4: Out of order PUSCH&PDSCH scheduling should be supported in Rel-15 and schemes for gNB to predetermine whether the interrupted PUSCH will be transmitted or not are for further study.
Proposal 5: The current HARQ&PUSCH multiplexing timeline restriction for eMBB in Rel-15 needs no change but another rule for URLLC HARQ/ eMBB PUSCH multiplexing should be defined.
Proposal 6: Intra-slot repetition for PUSCH should be allowed to reduce latency for URLLC.
Proposal 7: A lower UE processing time should be defined to reduce the latency for URLLC.
Annex
PDSCH transmission procedure


[bookmark: _Ref19912]Fig 7 PDSCH transmission procedure
A typical PDSCH transmission procedure is shown in Fig 7. We can see that one-shot PDSCH transmission latency includes:
· gNB processing time: the time used for gNB to schedule DL data and prepare PDCCH. We assume gNB has the same processing time as capability 2 UE. For N2, we further assume the PDCCH decoding and PUSCH preparing consume the same time. So the gNB processing time is N2/2.  
· PDCCH alignment: the PDCCH alignment time is relative with PDCCH configuration. In our evaluation, as shown in Fig 8, if PDSCH duration is 2 OFDM symbols, there are 7 PDCCH monitoring occasions in a slot. The PDCCH monitoring period is 2 OFDM symbols and PDCCH alignment time is 1 OFDM symbol. Similarly, the PDCCH alignment time is 2.36 OFDM symbols for 4 OS PDSCH and 3.5 OFDM symbols for 7OS PDSCH. 
· PDCCH duration: 1 OFDM symbol in our evaluation as shown in Fig 8. For 7OS PDSCH, PDCCH duration is set as 0 for latency evaluation because PDCCH are completely overlapping with PDSCH in time domain. For 4 OS PDSCH, it can be seen that not all the PDCCH are overlapping with PDSCH. According to the TS 38.214, if there exist overlapping symbols of the PDCCH and the scheduled PDSCH, the UE processing time should be the sum of N1 and the number of overlapping symbols for 2OS PDSCH and 4OS PDSCH transmission. For simplicity, we assume the PDCCH duration is 1 OFDM for latency evaluation and fix the UE processing time as N1 for this two case. 
· PDSCH duration: 2, 4, 7 OFDM symbols in our evaluation
· UE processing time: the time used for UE to decode PDCCH/PDSH and prepare PUCCH, i.e. N1.
· PUCCH alignment: this time depends on the PDSCH transmission and PUCCH configuration based on the current framework that only one PUCCH with HARQ-ACK is allowed to be transmitted in one slot. The details of PUCCH alignment analysis are shown below. 
· PUCCH duration: 1 OFDM symbol in our evaluation.

[image: ]
[bookmark: _Ref23795]Fig 8 PDCCH/PDSCH configuration
The latency of PDSCH retransmission has the same component as one-shot transmission while some value of component may be different. For example, PDCCH alignment for PDSCH retransmission should depend on the PUCCH carrying NACK from UE and the PDCCH configuration. 
PDSCH transmission latency
The details of latency analysis for PDSCH transmission/retransmission are shown in Table 7. 
[bookmark: _Ref15945]Table 7 Latency of PDSCH transmission/retransmission
	capability 2
	30k SCS
	15k SCS

	PDSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	gNB processing1
	2.75
	2.75
	2.75
	2.5
	2.5
	2.5

	PDCCH align.
	1
	2.36
	3.5
	1
	2.36
	3.5

	PDCCH duration
	1
	1
	0
	1
	1
	0

	PDSCH duration
	2
	4
	7
	2
	4
	7

	UE processing2
	5
	5
	5
	4
	4
	4

	PUCCH align.3
	6
	4.33
	3.5
	6
	4.33
	3.5

	PUCCH duration
	1
	1
	1
	1
	1
	1

	gNB processing4
	6
	6
	6
	5
	5
	5

	PDCCH align.5
	0
	2
	2
	0
	0
	4

	PDCCH duration
	1
	1
	1
	1
	1
	1

	PDSCH duration
	2
	4
	7
	2
	4
	7

	UE processing
	5
	5
	5
	4
	4
	4

	PUCCH align.
	6
	4.33
	3.5
	6
	4.33
	3.5

	PUCCH duration
	1
	1
	1
	1
	1
	1

	One shot latency6
	0.67
	0.73
	0.81
	1.25
	1.37
	1.54

	Retran. Latency7
	1.42
	1.56
	1.72
	2.61
	2.75
	3.36

	[bookmark: OLE_LINK1]Processing ratio 18
	0.41
	0.38
	0.34
	0.37
	0.34
	0.30

	Processing ratio 29
	0.47
	0.43
	0.39
	0.42
	0.40
	0.33


NOTE:
1. gNB processing time is assumed as N2/2. 
2. [bookmark: OLE_LINK5]In our evaluation, we assume UE processing time is the smallest integer larger than N1 considering the propagation delay and TA. For example, if N1 is 3 OFDM symbols, network can not schedule corresponding PUCCH on the symbol earlier than the fourth symbol next to the last PDSCH symbol. If N1 is 4.5 OFDM symbols, network can not schedule corresponding PUCCH on the fifth symbol next to the last PDSCH symbol.
3. Based on current framework, only one PUCCH with HARQ-ACK is allowed in one slot. For convenience of statistics, we assume PUCCH is transmitted in the fixed symbol of a slot. As shown in Fig 9, PDSCH duration is 4 OFDM symbols and the last symbols of PDSCH in a slot is symbol #4, #9, #13, respectively. If PUCCH is transmitted on the symbol #0, the PUCCH alignment time are 4, 13, 9 OFDM symbols for the first, second, third PDSCH respectively. We can see that when PUCCH is transmitted on the symbol #5, the lowest average of PUCCH alignment time is achieved. For 30k SCS, PUCCH is transmitted on the symbol #13, #12 for the 2OS PDSCH and 7OS PDSCH, respectively. For 15k SCS, PUCCH is transmitted on the symbol #12, #4, #11 for the 2OS PDSCH, 4OS PDSCH and 7OS PDSCH, respectively.
[image: ]
[bookmark: _Ref160]Fig 9 PUCCH alignment

4. gNB processing time is assumed to be N2 of UE capability 2, i.e. 5 OFDM symbols for 15k SCS and 5.5 OFDM symbols for 30k SCS. In the latency evaluation, gNB processing time is obtained by ceiling N2 to align with the symbol boundary. Although gNB can complete PUCCH decoding and PDCCH preparing within 5.5 OFDM symbols, gNB has to send PDCCH in the next OFDM symbols. Therefore, the total gNB processing time can be seen as 6 OFDM symbols.
5. [bookmark: OLE_LINK8]PDCCH alignment depends on the PUCCH carrying NACK from UE for the first PDSCH and the PDCCH configuration. In Fig 10, for example, the PDSCH duration is 2 OFDM symbols. Based on the analysis above,  UE transmit PUCCH on symbol #13 and the gNB processing time is 6 OFDM symbols for 30k SCS, gNB could transmit PDCCH to schedule the same TB on symbol #6 of next slot as soon as possible. Therefore, the PDCCH alignment time is 0 OFDM symbols for 2 OS PDSCH. PDCCH alignment times for other case can be found in the figure.
[image: ]
[bookmark: _Ref21451]Fig 10 PDCCH alignment for HARQ retransmission
6. The total latency of one shot PDSCH transmission, which is obtained by the sum of the number from row 3 to row 9.
7. The total latency of once HARQ retransmission, which is obtained by the sum of the number from row 3 to row 16.
8. The ratio of UE and network processing time to the total latency for one shot transmission
9. The ratio of UE and network processing time to the total latency for HARQ retransmission

The details of latency analysis for PDSCH transmission/retransmission under the condition that multiple PUCCH with HARQ-ACK is allowed in one slot are shown in Table 8. 
[bookmark: _Ref10430]Table 8 Latency of PDSCH transmission under the condition that multiple PUCCHs with HARQ-ACK in one slot
	capability 2
	30k SCS
	15k SCS

	PDSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	gNB processing
	2.75
	2.75
	2.75
	2.5
	2.5
	2.5

	PDCCH align.
	1
	2.36
	3.5
	1
	2.36
	3.5

	PDCCH duration
	1
	1
	0
	1
	1
	0

	PDSCH duration
	2
	4
	7
	2
	4
	7

	UE processing
	5
	5
	5
	4
	4
	4

	PUCCH align.1
	0
	0
	0
	0
	0
	0

	PUCCH duration
	1
	1
	1
	1
	1
	1

	gNB processing
	6
	6
	6
	5
	5
	5

	PDCCH align.2
	1
	0.67
	1
	1
	2.67
	3

	PDCCH duration
	1
	1
	1
	1
	1
	1

	PDSCH duration
	2
	4
	7
	2
	4
	7

	UE processing
	5
	5
	5
	4
	4
	4

	PUCCH align.
	0
	0
	0
	0
	0
	0

	PUCCH duration
	1
	1
	1
	1
	1
	1

	One shot latency
	0.46
	0.58
	0.69
	0.82
	1.06
	1.29

	Retran. Latency
	1.03
	1.21
	1.44
	1.82
	2.32
	2.79

	Processing ratio3 
	0.60
	0.48
	0.40
	0.57
	0.44
	0.36

	Processing ratio4 
	0.65
	0.55
	0.47
	0.61
	0.48
	0.40


NOTE:
1. PUCCH alignment time can be 0 if multiple PUCCH with HARQ-ACK can be transmitted in the same slot for FDD system.
2. PDCCH alignment depends on the PUCCH carrying NACK from UE for the first PDSCH and the PDCCH configuration. In Fig 11 for 30k SCS, the number below the PUCCH is the PDCCH alignment time. The average is used in the evaluation. The PDCCH alignment time for 15k SCS can be found in Fig 12.
[image: ]
[bookmark: _Ref13934]Fig 11 PDCCH alignment for 30k SCS
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[bookmark: _Ref16289]Fig 12 PDCCH alignment for 15k SCS
3. The ratio of UE and network processing time to the total latency for one shot transmission
4. The ratio of UE and network processing time to the total latency for HARQ retransmission
Grant-based PUSCH transmission procedure


[bookmark: _Ref136]Fig 13 Grant-based PUSCH transmission procedure
A typical PUSCH transmission procedure is shown in Fig 13. Similar as PDSCH, the latency of one shot grant-based PUSCH includes:
· UE processing time: the time used for UE to prepare SR transmission when UL data arrives, i.e. N1/2 based on the assumption that the PDCCH/PDSCH decoding and PUCCH preparing consume the same time in N1.
· SR alignment: half of SR period in our evaluation, i.e. 1 OFDM symbol
· SR duration: 1 OFDM symbols in our evaluation
· gNB processing time: the time used for gNB to process SR, schedule, and prepare PDCCH. we assume the gNB processing time is the same as the time for UE to decode PDCCH and prepare PUSCH, i.e. N2.
· PDCCH alignment: the PDCCH alignment time depends on the SR position and PDCCH configuration
· PDCCH duration: 1 OFDM symbols in our evaluation
· UE processing time: the time used for UE to decode PDCCH and prepare PUSCH, i.e. N2.
· PUSCH duration: 2, 4, 7 OFDM symbols in our evaluation
· gNB processing time: the time used for gNB to process PUSCH from UE
Grant-based PUSCH transmission latency
The details of latency analysis for grant-based PUSCH transmission/retransmission are shown in Table 9. 
[bookmark: _Ref26710]Table 9 Latency of grant-based PUSCH
	capability 2
	30k SCS
	15k SCS

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	UE processing
	2.25
	2.25
	2.25
	1.5
	1.5
	1.5

	SR alignment1
	1
	1
	1
	1
	1
	1

	SR duration
	1
	1
	1
	1
	1
	1

	gNB processing2
	6
	6
	6
	5
	5
	5

	PDCCH alignment3
	0
	0.33
	0
	0
	0.33
	0

	PDCCH duration
	1
	1
	1
	1
	1
	1

	UE processing4
	6
	6
	6
	6
	6
	6

	PUSCH duration5
	2
	4
	7
	2
	4
	7

	gNB processing6
	5
	5
	5
	3
	3
	3

	PDCCH alignment7
	0
	2.67
	2
	0
	0.67
	4

	PDCCH duration
	1
	1
	1
	1
	1
	1

	UE processing
	6
	6
	6
	6
	6
	6

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB processing
	5
	5
	5
	3
	3
	3

	One shot latency8
	0.87
	0.95
	1.04
	1.46
	1.63
	1.82

	HARQ retr latency9
	1.37
	1.62
	1.79
	2.32
	2.68
	3.32

	Processing ratio10
	0.79
	0.72
	0.66
	0.76
	0.68
	0.61

	Processing ratio11
	0.79
	0.67
	0.60
	0.75
	0.65
	0.53


NOTE:
1. SR period is 2 OFDM symbols and SR duration is 1 OFDM symbol. To reduce the PDCCH alignment time, the SR configuration is different depending on the PDSCH duration and gNB processing capability for different numerology. 
2. gNB processing time to process SR from UE and prepare PDCCH is assumed as N2 of UE capability 2. Similar as PDSCH evaluation above, gNB processing time is obtained by ceiling the N2 to align with symbol boundary. 
3. PDCCH configuration is shown in Fig 8. PDCCH alignment time depends on the SR configuration, PDCCH configuration and gNB processing time. 
4. Similar as PDSCH evaluation above, we assume UE processing time is the smallest integer larger than N2 considering propagation delay and TA.
5. Since PUSCH duration can be transmitted on any of OFDM symbols with any duration, we assume network will schedule PUSCH as soon as possible, i.e. on the N2+1 OFDM symbols next to the last symbol of PDCCH.
6. gNB processing time to process PUSCH from UE and prepare possible PDCCH for HARQ retransmission is assumed as N1 of UE capability 2.
7. Similar as PDSCH evaluation above, PDCCH alignment time depends on the last PUSCH symbol and PDCCH configuration. 
8. The total latency of one shot PUSCH transmission, which is obtained by the sum of the number from row 3 to row 11.
9. The total latency of once HARQ retransmission, which is obtained by the sum of the number from row 3 to row 16.
10. The ratio of UE and network processing time to the total latency for one shot transmission
11. The ratio of UE and network processing time to the total latency for HARQ transmission

The details of latency analysis for grant-based PUSCH repetition are shown in Table 10. 
[bookmark: _Ref2974]Table 10 Latency of grant-based PUSCH repetition
	
	30k SCS inter-slot repetition
	30k SCS intra-slot repetition
	15k SCS inter-slot repetition
	15k SCS intra-slot repetition

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	UE processing
	2.25
	2.25
	2.25
	2.25
	2.25
	2.25
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	SR alignment
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	SR duration
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	gNB processing
	6
	6
	6
	6
	6
	6
	5
	5
	5
	5
	5
	5

	PDCCH alignment
	0
	0.33
	0
	0
	0.33
	0
	0
	0.33
	0
	0
	0.33
	0

	PDCCH duration
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	UE processing
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6
	6

	PUSCH duration
	2
	4
	7
	2
	4
	7
	2
	4
	7
	2
	4
	7

	gNB processing
	5
	5
	5
	5
	5
	5
	3
	3
	3
	3
	3
	3

	Twice repetition1 
	14
	14
	14
	2
	4
	7
	14
	14
	14
	2
	4
	7

	Three times repe.2
	14
	14
	14
	2
	4
	7
	14
	14
	14
	2
	4
	7

	Four times repe.3
	14
	14
	14
	2
	4
	7
	14
	14
	14
	2
	4
	7

	Latency of once4
	0.87
	0.95
	1.04
	0.87
	0.95
	1.04
	1.46
	1.63
	1.82
	1.46
	1.63
	1.82

	Latency of twice5
	1.37
	1.45
	1.54
	0.94
	1.09
	1.29
	2.46
	2.63
	2.82
	1.61
	1.92
	2.32

	Latency of three6 
	1.87
	1.95
	2.04
	1.01
	1.24
	1.54
	3.46
	3.63
	3.82
	1.75
	2.20
	2.82

	Latency of four7 
	2.37
	2.45
	2.54
	1.08
	1.38
	1.79
	4.46
	4.63
	4.82
	1.89
	2.49
	3.32


NOTE:
1. This row gives the extra latency for twice repetition compared with once repetition. Please note once repetition means one shot transmission. 
2. This row gives the extra latency for three times repetition compared with twice repetition.
3. This row gives the extra latency for four times repetition compared with three times repetition.
4. The total latency of once PUSCH repetition, which is obtained by the sum of the number from row 3 to row 11.
5. The total latency of twice PUSCH repetition, which is obtained by the sum of the number from row 3 to row 12.
6. The total latency of three times PUSCH repetition, which is obtained by the sum of the number from row 3 to row 13.
7. the total latency of four times PUSCH repetition, which is obtained by the sum of the number from row 3 to row 14.

Grant-free PUSCH transmission procedure 


[bookmark: _Ref5060]Fig 14 Grant-free PUSCH transmission procedure
A typical PUSCH transmission procedure is shown in Fig 14. The latency of one shot grant-free PUSCH includes:
· UE processing time: the time used for UE only to prepare PUSCH when UL data arrives. In our evaluation, we assume UE processing time is N2/2 to exclude the PDCCH decoding time in N2. 
· PUSCH alignment: the time depends on the period of pre-allocated resource for UE. We assume the period is 2 ms, which is the average packet arriving rate for factory automation. In each period, there is 28 TU for 30k SCS if a TU is 2 OFDM symbols. There is 14 TU for 15k SCS if a TU is 2 OFDM symbols. The number of TU in each period is 6 and 12 for 15k SCS and 30k SCS, respectively, if a TU duration is 4 OFDM symbols. The pattern of TU in one slot is shown in Fig 15. The number of TU in each period is 4 and 8 for 15k SCS and 30k SCS, respectively, if a TU duration is 7 OFDM symbols. 
· PUSCH duration: 2, 4, 7 OFDM symbols in our evaluation
· gNB processing time: the time used for gNB to process PUSCH from UE


[bookmark: _Ref20153]Fig 15 TU pattern
Grant-free PUSCH transmission latency
The details of latency analysis for grant free PUSCH transmission/retransmission are shown in Table 11. 
[bookmark: _Ref11011]Table 11 Latency of grant free PUSCH transmission/retransmission
	
	30k SCS
	15k SCS

	PUCCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	UE processing
	2.75
	2.75
	2.75
	2.5
	2.5
	2.5

	PUSCH alignment1
	1
	2.57
	3.5
	1
	2.57
	3.5

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB processing
	5
	5
	5
	3
	3
	3

	PDCCH alignment2
	1
	0.33
	2
	1
	2.33
	4

	PDCCH duration
	1
	1
	1
	1
	1
	1

	UE processing
	6
	6
	6
	6
	6
	6

	PUSCH duration
	2
	4
	7
	2
	4
	7

	gNB processing
	5
	5
	5
	3
	3
	3

	One shot latency
	0.38
	0.51
	0.65
	0.61
	0.86
	1.14

	HARQ retr latency
	0.92
	1.09
	1.40
	1.54
	2.03
	2.64


NOTE:
1. PUSCH alignment time depends on the pre-allocated resource for grant-free PUSCH.
2. PDCCH configuration is shown in Fig 8. PDCCH alignment time depends on the last PUSCH symbol and PDCCH configuration.  

The details of latency analysis for grant free PUSCH transmission with repetition are shown in Table 12.
[bookmark: _Ref2366]Table 12 Latency analysis of grant-free PUSCH transmission with repetition
	
	30k SCS inter-slot repetition
	30k SCS intra-slot repetition
	15k SCS inter-slot repetition
	15k SCS intra-slot repetition

	PUSCH duration
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS
	2OS
	4OS
	7OS

	UE processing
	2.75
	2.75
	2.75
	2.75
	2.75
	2.75
	2.5
	2.5
	2.5
	2.5
	2.5
	2.5

	PUSCH alignment
	1
	2.57
	3.5
	1
	2.57
	3.5
	1
	2.57
	3.5
	1
	2.57
	3.5

	PUSCH duration
	2
	4
	7
	2
	4
	7
	2
	4
	7
	2
	4
	7

	gNB processing
	5
	5
	5
	5
	5
	5
	3
	3
	3
	3
	3
	3

	Twice repetition1
	14
	14
	14
	2
	4.67
	7
	14
	14
	14
	2
	4.67
	7

	Three times repe.
	14
	14
	14
	2
	4.67
	7
	14
	14
	14
	2
	4.67
	7

	Four times repe.
	14
	14
	14
	2
	4.67
	7
	14
	14
	14
	2
	4.67
	7

	Latency of once2
	0.38
	0.51
	0.65
	0.38
	0.51
	0.65
	0.61
	0.86
	1.14
	0.61
	0.86
	1.14

	Latency of twice3
	0.88
	1.01
	1.15
	0.46
	0.68
	0.90
	1.61
	1.86
	2.14
	0.75
	1.20
	1.64

	Latency of three4 
	1.38
	1.51
	1.65
	0.53
	0.85
	1.15
	2.61
	2.86
	3.14
	0.89
	1.53
	2.14

	Latency of four5 
	1.88
	2.01
	2.15
	0.60
	1.01
	1.40
	3.61
	3.86
	4.14
	1.04
	1.86
	2.64


NOTE: 
1) The extra latency for twice repetition compared with once repetition depend on the pre-allocated resource for grant-free PUSCH, e.g. the pattern in Fig 15 for 4OS PUSCH. 
2) The latency of once PUSCH repetition, which is obtained by the sum of the number from row 3 to row 6.
3) The latency of twice PUSCH repetition, which is obtained by the sum of the number from row 3 to row 7.
4) The latency of three times PUSCH repetition, which is obtained by the sum of the number from row 3 to row 8.
5) the latency of four times PUSCH repetition, which is obtained by the sum of the number from row 3 to row 9.
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