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[bookmark: _Ref497831218]Introduction
For NR Phase 1, RAN1 discussed a scenario where a first DL transmission from a gNB may be interrupted (pre-empted) by a second higher priority transmission from the same gNB. Consequently, DCI format 2_1 was specified in Rel-15 to indicate to a group of UEs a set of interrupted resources within a so-called reference DL region comprising of a set of PRBs equal to the active DL BWP and a set of symbols that spans the symbols between DCI 2_1 monitoring occasions. The UE may use the DL interruption (INT) indication in DCI format 2_1 to facilitate decoding of a TB.
A similar scenario is now being discussed for the UL where a first latency-tolerant transmission is interrupted by a shorter duration latency-sensitive data transmission. Two scenarios are being discussed, namely the intra-UE and inter-UE cases. Regarding the inter-UE use case, it was agreed to study how/whether to support UL interruption indication or an UL power control solution [1].
In this contribution, firstly we investigate what mechanisms are possible with the current Rel-15 specifications and then consider what enhancements, if any, may be added to support such multiplexing of UL channels from the same or from different UEs.
Discussion
UL latency evaluation for slot-based and non-slot-based transmission
As a first step we investigate the latency involved in grant-based transmission given the stringent latency target for the most demanding URLLC applications. We consider both FDD and TDD for 15 and 30 KHz SCS under very optimistic configuration assumptions to get an idea of a best case scenario..
· Case 1: FDD, 15 KHz SCS and non-slot-based scheduling. The assumptions are as follows:
· 1-symbol PUCCH Format 0 for SR with SR periodicity of 2 symbols.
· 1-symbol CORESET for PDCCH scheduling an UL grant.
· 1-symbol PUSCH duration for URLLC.
· [bookmark: OLE_LINK5]A minimum UE processing time of N2 =10 symbols, which is the agreed Rel-15 baseline capability, can be used as a reference. In addition, a very aggressive processing time of N2 = 2.5 symbols can also be considered (based on the discussions summarized in [2]).
Table 1 : FDD UL transmission latency calculation for non-slot based scheduling and 15 KHz SCS
	Component
	Description
	Time (symbols)

	1
	Average delay waiting for SR opportunity
	1 (0.5 SR period)

	2
	SR transmission 
	1 

	3
	gNB processing: SR decoding and generation of UL grant
	3 

	4
	Transmission of PDCCH scheduling UL grant
	1 

	5
	UE Processing Delay 

	N2 = 10 
N2 = 2.5 (very aggressive)

	6
	Transmission of PUSCH
	1 + p*RTT(PUSCH duration plus p*RTT, where p is target BLER of initial transmission)

	7 
	gNB processing: PUSCH decoding 
	3 

	
	Total delay 
	Baseline: 20 + (p * RTT)
Aggressive: 12.5 + (p * RTT)




It can be seen from Table 1 that for the baseline N2 value and SCS = 15 KHz, the non-slot based UL transmission latency cannot meet the URLLC requirements even without retransmission and under the most promising conditions such as very fast gNB processing delay and 1-symbol channel durations. 
However, for the quite optimistic aggressive processing time of N2 = 2.5 symbols, the latency of a single PUSCH transmission is within 1ms. From Table 1 the RTT between a first and second transmission of the same TB for the aggressive processing case is about 7.5 symbols (PUSCH transmission time + gNB processing + PDCCH transmission + UE processing). Thus, assuming at most one retransmission and a target BLER of initial transmission of 0.1 (lower target BLER of 0.001 can also be considered for URLLC), the total latency is 13.25 symbols which is equivalent to  0.946ms using the shorter OFDM symbol length as a nominal convention. Therefore, for such optimistic (rather unlikely) assumptions, the non-slot based UL transmission may just about meet the URLLC requirement for 15KHz SCS. For more practical processing times and channel durations the total average latency would exceed 1ms. 
· Case 2: FDD, 30 KHz SCS and non-slot-based scheduling. The assumptions are as follows:
· 1-symbol PUCCH Format 0 for SR with SR periodicity of 2 symbols.
· 2-symbol CORESET for PDCCH scheduling an UL grant.
· 2-symbol PUSCH duration for URLLC.
· A minimum UE processing time of N2 =12 symbols, which is the agreed baseline capability, can be used as a reference. In addition, a tentative very aggressive processing time of N2 = 2.5 symbols can also be considered (see summary of [2]).

Table 2 : FDD UL transmission latency calculation for non-slot based scheduling and 30 KHz SCS
	Component
	Description
	Time (symbols)

	1
	Average delay waiting for SR opportunity
	1 (0.5 SR period)

	2
	SR transmission 
	1 

	3
	gNB processing: SR decoding and generation of UL grant
	4 

	4
	Transmission of PDCCH scheduling UL grant
	2 

	5
	UE Processing Delay 

	N2 = 12 
N2 = 2.5 (very aggressive)

	6
	Transmission of PUSCH
	2 + p*RTT(PUSCH duration plus p*RTT, where p is target BLER of initial transmission)

	7 
	gNB processing: PUSCH decoding 
	4 

	
	Total delay 
	Baseline: 26 + (p * RTT)
Aggressive: 16.5 + (p * RTT)







It can be seen from Table 2 that for non-slot based transmission at 30 KHz and a single transmission the average latency can meet the URLLC requirements in both baseline case and aggressive N2 UE processing scenarios. 
[bookmark: _GoBack]The RTT is 20 (10.5) about for the baseline and aggressive processing times respectively. Thus, for at most one retransmission and target BLER of initial transmission equal to 0.1, the total average latency is 28 symbols for baseline N2 case and 17.55 symbols for the aggressive N2 case, which both meet the URLLC requirement.

· Case 3: TDD, 30 KHz SCS and non-slot-based scheduling. The  same assumptions as for FDD in Case 2. In addition,
· The actual TDD UL-DL assignment over 10 slots is (D, X, U, U, D, D, X, U, U, D), where X denotes a flexible slot.
Table 3 : TDD UL transmission latency calculation for non-slot based scheduling and 30 KHz SCS
	Component
	Description
	Time (symbols)

	1
	Average delay waiting for SR opportunity
	14.2

	2
	SR transmission 
	1 

	3
	gNB processing: SR decoding and generation of UL grant
	4 

	4
	Average delay waiting for a DL tran                           smission opportunity
	10.286

	5
	Transmission of PDCCH scheduling UL grant
	2 

	6
	UE Processing Delay 

	N2 = 12 
N2 = 2.5 (very aggressive)

	7
	Average delay waiting for an UL transmission opportunity
	Baseline:15
Aggressive: 24.5

	8
	Transmission of PUSCH
	2 + p*RTT(PUSCH duration plus p*RTT, where p is target BLER of initial transmission)

	9
	gNB processing: PUSCH decoding 
	4 

	
	Total delay 
	Baseline: 64.486 + (p * RTT)
Aggressive: 64.486 + (p * RTT)






[bookmark: OLE_LINK6][bookmark: OLE_LINK7]It can be seen from the Table 3 that for TDD and non-slot based transmission at30 KHz SCS, the latency requirement cannot be met for a relatively symmetric UL-DL assignment. The major delay is caused by the average waiting time for a transmission opportunity which is highly correlated to the UL-DL pattern. This average waiting time still dominates even with an aggressive UE processing time.
From the latency evaluations shown in Tables 1 - 3, we have following observations:
Observations:
· For FDD and non-slot based scheduling with 15 KHz SCS, it is difficult to achieve 1ms latency requirement for the baseline UE processing time. If a UE supports an aggressive processing time, the average latency could meet the requirement of URLLC for very short channel durations on the order of 1 symbol. 
· For FDD and non-slot based scheduling with 30 KHz SCS, the average transmission latency could meet the URLLC requirements when at most one retransmission is allowed.
For TDD, the UL latency is dominated by the the average waiting time for a transmission opportunity, which depends on the DL-UL pattern. Even with 30 KHz, the latency may not meet the URLLC requirement. It is necessary to configure URLLC with SCS larger than 15 KHz in FDD. 
Handling of colliding UL grants for the same UE
The TS 38.321 specification provides a set of tools that support multiplexing of different traffic types on an UL grant. Regarding the logical channel prioritization (LCP) function, multiple logical channels (LCH) can be mapped onto a PUSCH based on UL grant attributes such as the operational SCS, PUSCH duration, grant type, etc. A set of restrictions are supported for this purpose including 
· lcp-allowedSCS: the allowed SCS(s) of a PUSCH that this LCH can be mapped onto.
· lcp-maxPUSCH-Duration: sets the maximum PUSCH duration allowed for transmission. The larger than or equal to the maximum PUSCH duration can be transmitted.
· lcp-configuredGrantType1Allowed: sets whether a Configured Grant Type 1 can be used for transmission. The UL grant can be scheduled or it can be a Type 1 configured grant. This implies that unless an LCH (e.g. for eMBB or URLLC) is precluded by RRC configuration from using the Type 1 CG it can be multiplexed on the UL grant. A dynamic UL grant can override a configured UL grant based on 38.321. As an example if a low latency LCH is configured with lcp-configuredGrantType1Allowed set to TRUE, and a given configured UL grant is overridden by a dynamic UL grant, the LCH that was to be transmitted on the configured grant can be multiplexed on the dynamic UL grant subject to the LCP restrictions above.
· lcp-allowedServingCells: sets the allowed cell(s) for transmission.

The LCP framework is quite flexible and simply classifies data according to these transmission attributes (allowed SCS, maximum PUSCH duration) rather than vertical use cases such as eMBB and URLLC. An important observation to make is that it is possible to multiplex latency-critical data from a first LCH with an UL grant for latency-tolerant data in a second LCH as long as the maximum PUSCH duration allowed by the first LCH is greater than or equal to the duration of the UL grant. Consider the scenario shown in Figure 1 and assume that the UL grants are for the same UE (intra-UE collision case). The intra-UE case for colliding UL grants only exists under the following conditions
· At the time of sending an SR for a low latency LCH (LCH2 shown in Figure 1), there is no UL grant to send a BSR
· When the LCP processes the UL grant data for a first latency-tolerant transmission (Grant 1 in Figure 1) the UE has not received/processed a second UL grant (Grant 2) for a shorter UL transmission as shown in Figure 1. 



[bookmark: _Ref510783738]Figure 1 Interruption of a first UL grant by a second UL grant

Note that the only reason for the gNB to respond to the SR for LCH2 in Figure 1 with an UL grant (Grant 2) is if LCP restrictions prevent the UE from multiplexing LCH2 on Grant 1. This can be avoided by the gNB configuring an LCH for URLLC with a maximum PUSCH duration that allows it to be transmitted in the earlier UL grant.
If configuring a sufficiently large lcp-maxPUSCH-Duration is not desirable, the UE behavior can be as follows. The LCP processes LCHs for a second (latest) UL grant and passes the MAC PDU to the PHY. The PHY stops a first ongoing transmission to transmit the second UL grant if scheduled on the same serving cell. Note that if a UE is configured for UL CA the network can avoid collision by scheduling the second UL Grant 2 on a different serving cell if the UE supports parallel UL transmission across serving cells. 
Observation: To avoid the intra-UE collision case, the gNB may configure a low latency LCH with a maximum PUSCH duration that allows it to be multiplexed in an earlier UL grant scheduled for latency-tolerant data.
Proposal: If higher layers provide an UL grant partially overlapping in time with an ongoing transmission on the same serving cell, the UE stops the ongoing transmission and transmits the second UL grant. 
Handling of colliding UL grants from different UEs
Consider that the UL grants shown in Figure 1 are for different UEs. Here the gNB is in control of whether to interrupt an already scheduled transmission. At least for single-slot transmissions the gNB is not aware if a UE decides to transmit physical resources allocated to a Type1 configured grant. Thus, there is no way for the gNB to interrupt a first transmission on a configured UL grant since the gNB is unaware when a UE decides to transmit on the configured grant. But for dynamic scheduling the gNB may decide to interrupt a first transmission as shown in Figure 1. There are two possible solutions to indicate UL interruption:
1. [bookmark: OLE_LINK38][bookmark: OLE_LINK39]Solution 1: The gNB sends a second PDCCH to the UE for Grant 1 indicating a change to the previous PDCCH for the same HARQ process and TB. The second PDCCH indicates a new scheduling timing for the transmission [3]. The UE interprets this as an indication to cancel the first transmission.  The merit of this solution is that it is the same as the case of intra-UE multiplexing in the previous section, where basically “latest UL grant overrides any previously scheduled and overlapping UL grant”. It is particularly useful when the interruption happens early enough that a retransmission would anyway be needed for this TB. The disadvantage is that it may increase the PDCCH capacity if multiple PUSCHs are impacted by an interrupting PUSCH as each of the victim UEs needs to be re-scheduled. On the other hand this may not be a major problem as from the latency analysis in the previous section such UL interruptions would not be frequent.  
2. Solution 2: an UL INT indication is sent as a group control command to a group of UEs. This solves the PDCCH capacity issue seen in Solution 1 since multiple UEs are notified by a single PDCCH to stop UL transmission. However, as each interrupted transmission still needs to be re-scheduled, the number of PDCCHs is still K +1 as in Solution 1. However, the re-scheduling does not have to be in the same PDCCH monitoring occasion but can be staggered which gives some flexibility to the scheduler. More importantly, from the latency analysis shown in the previous section it is really questionable whether UL pre-emption is useful as the latency of the entire procedure of SRscheduling PDCCHPUSCH may not be fast enough to interrupt an ongoing PUSCH. 

Proposal: if interruption of a first UL transmission by a second UL transmission is deemed feasible, consider re-scheduling UL grants to cancel the interrupted UL transmissions. 


Conclusion
This contribution investigated the feasibility of grant-based URLLC scheduling in terms of latency evaluations. In addition, we described mechanisms for multiplexing UL transmissions with different reliability requirements in overlapping physical resources. The observations and proposals are as follows: 
Observations:
· For FDD and non-slot based scheduling with 15 KHz SCS, it is difficult to achieve 1ms latency requirement for the baseline UE processing time. If a UE supports an aggressive processing time, the average latency could meet the requirement of URLLC for very short channel durations on the order of 1 symbol. 
· For FDD and non-slot based scheduling with 30 KHz SCS, the average transmission latency could meet the URLLC requirements when at most one retransmission is allowed.
· For TDD, the UL latency is dominated by the the average waiting time for a transmission opportunity, which depends on the DL-UL pattern. Even with 30 KHz, the latency may not meet the URLLC requirement. It is necessary to configure URLLC with SCS larger than 15 KHz in FDD.

Observation: To avoid the intra-UE collision case, the gNB may configure a low latency LCH with a maximum PUSCH duration that allows it to be multiplexed in an earlier UL grant scheduled for latency-tolerant data.
Proposal: If higher layers provide an UL grant partially overlapping in time with an ongoing transmission on the same serving cell, the UE stops the ongoing transmission and transmits the second UL grant. 
Proposal: if interruption of a first UL transmission by a second UL transmission is deemed feasible, consider re-scheduling UL grants to cancel the interrupted UL transmissions. 
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