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One objective of the Rel-16 URLLC study is the multiplexing and/or prioritization of simultaneous UL transmissions from different UEs with different latency and reliability requirements. At the RAN1 AH-1901 meeting it was agreed to capture the basic descriptions of the UL cancellation enhanced power control mechanisms in the TR [1]. Regarding the enhanced power control mechanism several performance results were also presented, and agreed to be captured in the TR, showing the performance degradation caused by mutual interference between colliding PUSCH transmissions from an eMBB UE and a URLLC UE. 
This contribution is an update to R1-1900335 providing evaluation results for eMBB-URLLC collision. Furthermore, we discuss the remaining details for both UL cancellation and UL multiplexing/prioritization and provide evaluation results and analyses of the inter-UE superposition on the same physical resources.
Discussion
Applicable scenarios 
The UL inter-UE multiplexing problem involves the scenario where a gNB schedules an UL grant for a first UE and after the scheduling PDCCH is sent, either the gNB schedules an UL grant to a second UE (based on a received SR) or the second UE autonomously transmits on a configured UL grant, where in either case the second UL grant overlaps with the scheduled UL grant for the first UE. 
If we assume the non-URLLC PUSCH is grant-based there are two applicable scenarios for URLLC and non-URLLC inter-UE multiplexing:
Case 1: Grant-based non-URLLC PUSCH and grant-based URLLC PUSCH
Case 2: Grant-based non-URLLC PUSCH and grant-free URLLC PUSCH 
For Case 1, both UL interruption and power control mechanisms may work for inter-UE multiplexing. On the other hand for Case 2, the URLLC UE autonomously transmits on a configured UL grant. Therefore, UL interruption is only feasible if the gNB receives an intention to transmit from the URLLC UE. An example is for configured K PUSCH repetitions, where the scheduled PUSCH overlaps with PUSCH transmission and by receiving configured PUSCH repetition  the gNB can send an UL interruption to the dynamically scheduled UE. In contrast an enhanced power control solution, if shown to be feasible, can work for Case 2.
Observation: UL interruption signaling mechanism is mainly applicable to a collision of grant-based PUSCH from both URLLC and non-URLLC UEs.
Details of the UL interruption/cancellation mechanism
The UL interruption mechanism is similar to DL interruption in Rel-15 based on monitoring of DCI format 2_1. An example scenario is shown in Figure 1 for paired spectrum, where a first UE is scheduled for PUSCH transmission in slot n+1 while a second UE requests UL resources for URLLC traffic at, or soon after, the scheduling PDCCH is sent to the first UE. The gNB may schedule the second PUSCH within the resources assigned to the first PUSCH and to avoid mutual interference, the gNB at the same time indicates to the first UE to cancel/suspend its PUSCH transmission in slot n+1 of Figure 1. 
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[bookmark: _Ref521325630]Figure 1 Interruption of a first PUSCH by a second scheduled PUSCH
 
Several aspects need to be considered when evaluating the feasibility of this UL interruption mechanism.

Scheduling and processing timeline
In the example shown in Figure 1 we adopt UE PUSCH timing capability 1 and PUSCH timing capability 2 in 38.214 for UE1 and UE2 (URLLC UE) respectively for 30KHz SCS. The gNB processing time is assumed to be same as PUSCH timing capability 2. The first UE is configured to monitor PDCCH once per slot for UL grants, while the second UE is configured to monitor 4 times per slot with the same CORESET duration of 1 symbol. The SR periodicity is set to the minimum of 2 symbols and is transmitted on 2-symbol PUCCH Format 0. As shown in Figure 1, the processing time for an UL INT cannot be larger than the URLLC UE PUSCH preparation time. This means that any improvement in URLLC PUSCH processing capabilities to reduce latency must also be matched by a corresponding reduction in UL INT processing time for a non-URLLC UE. 
Observation: a non-URLLC UE configured to monitor for UL INT indication must be able to process the UL INT channel (or signal) at least as fast as the PUSCH preparation time for the URLLC UE.
A second issue is that the UL INT indication should also consider the UE transient time for turning off the TX power if the non-URLLC UE has already started transmission or is within the ramp-up time for PUSCH transmission. Therefore, the total time margin before the URLLC UE starts transmitting is provisioned at the non-URLLC UE to include: 


Observation: for an ongoing PUSCH transmission by a first UE, the total processing time between the first UE receiving an UL INT indication and the start of the PUSCH transmission at a second UE should include the power ramp down time at the first UE.
PDCCH monitoring capability
A first scheduled UE should monitor for an interruption indication at the same monitoring rate as a URLLC UE that could be scheduled on the same resources as the first UE. This implies that a non-URLLC UE must be capable of Case 2 monitoring as shown in Figure 1. However, it is not expected that Case 2 monitoring would be mandatory for all Rel-16 UEs. Furthermore, a Rel-16 UE not supporting URLLC traffic should not be expected to support advanced PDCCH monitoring capability such as a higher number of PDCCH blind decoding candidates and/or non-overlapping CCEs compared to Rel-15. As such, either the pool of potential non-URLLC UEs that could be affected by an UL INT is further reduced to only those that also support URLLC or the existing decoding capabilities are dimensioned to support Case 1 PDCCH monitoring and UL interruption monitoring. For slot-based scheduling of non-URLLC traffic, it means increased blocking probability for the non-URLLC UE since the number of candidates may be reduced to allow for interruption monitoring.
Observation: to enable dynamic UL interruption indication to a non-URLLC UE, the UE must be capable of mini-slot-based PDCCH monitoring (Case 2). 
Proposal 1: a Rel-16 UE not supporting URLLC is not expected to support an increased number of monitored PDCCH candidates or non-overlapped CCEs over the Rel-15 limits. 
A solution with the least impact could be to assign a single PDCCH candidate for interruption monitoring at most at each PDCCH monitoring occasion where a URLLC UE is configured to monitor for UL grants. 

Signaling mechanisms
For UL cancellation signaling, there can be two options, namely PDCCH based and sequence based signaling.
There are two possible PDCCH based mechanisms to indicate UL interruption:
1. UE-specific signaling: The gNB may transmit a second PDCCH to a non-URLLC UE indicating new PUSCH timing and/or resource allocation to a previously scheduled TB on a HARQ process. The UE interprets this as an indication to cancel the first transmission. Assuming that PDCCH overhead is not an issue this scheme has the least specification impact as no new DCI format is needed. A similar mechanism is proposed for intra-UE multiplexing of overlapping dynamic UL grants [2].  
2. GC-PDCCH: a group-common UL interruption DCI is used to indicate UL interruption across an UL BWP. This option alleviates the DL control signaling burden since a single PDCCH provides UL interruption indication for the BWP similarly to DCI format 2_1. Note that for L interrupted UEs in a slot, up to L additional PDCCHs need to be transmitted to schedule corresponding L retransmissions. Therefore, the overhead in terms of PDCCH candidates is not reduced compared to the UE-specific mechanism but the impact can be distributed over several PDCCH monitoring occasions according to the latency requirements of each interrupted UE. Reception of an UL INT indication informs the UE not to transmit a PUSCH at least within a time region bounded by the end of the last symbol containing the UL INT indication and the start of the first symbol of the following UL INT monitoring occasion.
Sequence based signaling on the other hand is simple and can be viewed as similar to SR detection in the UL in that if detected it simply indicates to a UE not to start a scheduled PUSCH or if already ongoing, to stop the PUSCH transmission. However, it is still a new DL channel to specify. 
Observation: UL interruption can be achieved by transmitting a subsequent PDCCH re-scheduling a PUSCH transmission.
UE behavior upon receiving interruption indication
When UE receives interruption indication, UE cancels the ongoing PUSCH or does not start a scheduled PUSCH, it is not a good choice to immediately resume the PUSCH since the remaining PUSCH duration may across the slot boundary and perhaps it requires additional DMRS for detecting. One potential handling is similar to DL interruption indication that cancelling the impacted part resource and continuing the unaffected part resource. This is benefit to eMBB PUSCH successfully decoding and requires finer time domain granularity of indication at least. Alternatively, a simple way is to cancel the PUSCH and not continue the remaining PUSCH. This handling is matched to using re-scheduling signaling as interruption indication. The interruption indication requires less overhead that UE only needs know a start position but it loses more resource utilization.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Observation: UE stop and resume PUSCH immediately may cause PUSCH across slot boundary issues.
 
Reliability of interruption indication
A major concern with UL interruption indication is that it has to be detected with very high reliability because if it is missed the URLLC UE becomes a victim to interference from the non-URLLC UE. A remedy is to set a lower target BLER for the UL interruption indication, possibly on the same order as the URLLC target PDCCH BLER. This increases the blocking probability as both a scheduling assignment and an interruption indication are transmitted using high AL. 
Observation: UL interruption indication should be transmitted with high reliability to avoid interference to a URLLC transmission if an already scheduled non-URLLC UE misses the interruption indication. 
As a simple example consider the case of a 1-symbol CORESET with 96 RBs and on average AL8 PDCCH candidates are used to schedule URLLC UEs. To enable UL cancellation, a PDCCH containing UL interruption should also be scheduled at the same time. Therefore, since the PDCCH capacity supports two AL candidates, one PDCCH can schedule a DL assignment or UL grant while the other may be used to indicate a potential UL interruption. There is therefore a tradeoff between PDCCH overhead (increased BW or additional symbols) for providing interruption indication versus system spectral efficiency or PDCCH blocking when additional URLLC users need to be scheduled. 
Proposal 2: for further study of UL interruption indication, consider methods to reduce PDCCH overhead through efficient scheduling of DL assignments/UL grants and UL interruption indication.
 
Enhanced UL power control
Enhanced power control seeks to dynamically boost the TX power for a URLLC UE to promote reliable PUSCH reception in the presence of a non-URLLC (e.g. eMBB) transmission. The open loop TX power for 1 PRB for UE k is given by,

Consider that  is set such that the target received power is the same for all UEs. Then assuming sufficient headroom for a URLLC UE, the gNB may dynamically adjust the received power for URLLC PUSCH relative to the non-URLLC PUSCH. Note that the URLLC UE still experiences intra-cell interference from the non-URLLC UE and if additional HARQ transmissions are required to ensure reliability, the additional latency may negate whatever trunking gains are observed by multiplexing different UEs on the same physical resources. Moreover, such dynamic power boosting also increases inter-cell interference which in the end would result in lower system performance. As agreed in [1] the power control set  can be dynamically indicated by DCI without using SRI in contrast to the Rel-15 specification. This implies either a new URLLC DCI format or a re-purposing of an existing field in DCI 0_0 or 0_1. 
Since the power control solution is not applicable to power limited UEs it is necessary to understand the performance degradation for UEs that cannot dynamically boost power for a given PUSCH transmission. 

Evaluation performance
We provide the link level evaluation performance for colliding PUSCH transmissions from a URLLC UE and an eMBB UE with no power boosting. For comparison we also provide results without collision for each UE. The detailed simulation assumptions are shown in Table 2 in the Appendix.
We evaluate three different transmission formats as shown in Table 1. In Case 1 and Case 2, the eMBB PUSCH is partly interfered with by the URLLC PUSCH with a different starting symbol and duration. Furthermore, DMRS symbols are aligned in Case 1 providing orthogonal DMRS whereas they are not aligned in Case 2 to model the impact of data-to-DMRS interference. For Case 3, the PUSCH are fully overlapped and with the same DMRS symbol avoiding data-to-DMRS interference. 
It can be observed from Figure 2 that when there is no interference on DMRS and MMSE receiver is used, the performance loss of URLLC user is about 2dB at BLER = 10-4 compared to the URLLC-user-only performance, while for eMBB user it is about 1dB loss at BLER = 10-1 compared to the eMBB-user-only result. 
Figure 3 shows the performance of Case 2, when there is interference on DMRS. As expected the performance loss is more severe for the URLLC user at the same operating BLER of 10-4. In Figure 4 with orthogonal DMRS and fully overlapping PUSCHs, an MMSE-SIC receiver is used to evaluate how much improvement can be obtained with an advanced receiver. A CRC-based (hard) MMSE-SIC receiver is employed. It can be seen that the MMSE-SIC receiver does not improve the performance of URLLC as the URLLC user is typically decoded first and subtracted out before decoding the eMBB data resulting in improved performance of the eMBB user. One may then infer that a different type of advanced receiver may be necessary to improve the URLLC performance such as multi-stage SIC or a PIC receiver but this may also increase the gNB processing delay and consequently the end-to-end latency for URLLC. 
Therefore, a very low code rate or alternatively power boosting where applicable may be needed to mitigate the impact of eMBB interference on URLLC.
[bookmark: _Ref957403]Table 1: Multiplexing scenarios for eMBB and URLLC 
	
	URLLC user 
	eMBB user
	Remarks

	Transmission format 
	Case 1: S = 3, L = 4, DMRS position = 3
	Case 1: S = 0, L = 14, DMRS position = (3, 11)
	S denotes starting symbol.
L denotes the PUSCH duration.

	
	Case 2: S = 8, L = 4, DMRS position = 8
	Case 2: S = 0, L = 14, DMRS position = (3, 11)
	

	
	Case 3: S = 3, L = 4, DMRS position = 3
	Case 3: S = 3, L = 4, DMRS position = 3
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Figure 2: The evaluation results for case 1, MMSE
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Figure 3: The evaluation results for case 2, MMSE
[image: ]
Figure 4: The evaluation results for case 3, MMSE-SIC
Observation: the performance loss experienced by URLLC due to eMBB interference would be about 2dB at BLER = 10-4 if power boosting is not applied and no orthogonal DMRS is possible for eMBB and URLLC. The loss significantly increases when there is data-to-DMRS interference. 
Observation: a very low code rate or alternatively power boosting where applicable may be needed to mitigate the impact of eMBB interference on URLLC.
Conclusion
This contribution investigated the feasibility, potential benefits and drawbacks of inter-UE multiplexing mechanisms. We have the following observations:
· Observation: UL interruption signaling mechanism is mainly applicable to a collision of grant-based PUSCH from both URLLC and non-URLLC UEs.
· Observation: a non-URLLC UE configured to monitor for UL INT indication must be able to process the UL INT channel (or signal) at least as fast as the PUSCH preparation time for the URLLC UE.
· Observation: for an ongoing PUSCH transmission by a first UE, the total processing time between the first UE receiving an UL INT indication and the start of the PUSCH transmission at a second UE should include the power ramp down time at the first UE.
· Observation: to enable dynamic UL interruption indication to a non-URLLC UE, the UE must be capable of mini-slot-based PDCCH monitoring (Case 2).
· Observation: UL interruption can be achieved by transmitting a subsequent PDCCH re-scheduling a PUSCH transmission.
· Observation: UE stop and resume PUSCH immediately may cause PUSCH across slot boundary issues.
· Observation: dynamic power boosting for a URLLC UE multiplexed in the same set of physical resources as a non-URLLC UE is limited to the set of UEs with sufficient headroom.
· Observation: an alternative solution for multiplexing two users on the same resources is MU-MIMO, which may not need Rel-16 enhancements.
· Observation: the performance loss experienced by URLLC due to eMBB interference would be about 2dB at BLER = 10-4 if power boosting is not applied and no orthogonal DMRS is possible for eMBB and URLLC. The loss significantly increases when there is data-to-DMRS interference. 
· Observation: a very low code rate or alternatively power boosting where applicable may be needed to mitigate the impact of eMBB interference on URLLC.
In addition we propose that 
· Proposal 1: a Rel-16 UE not supporting URLLC is not expected to support an increased number of monitored PDCCH candidates or non-overlapped CCEs over the Rel-15 limits.
· Proposal 2: for further study of UL interruption indication, consider methods to reduce PDCCH overhead through efficient scheduling of DL assignments/UL grants and UL interruption indication.
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Appendix
Table 2: The LLS assumptions
	Parameters
	URLLC
	eMBB
	Remarks

	Carrier Frequency
	4 GHz
	

	System bandwidth
	40 MHz
	

	Waveform (data part)
	CP-OFDM
	

	SCS
	30KHz
	

	Channel coding
	NR LDPC
	

	Transmission format 
	Case 1: S = 3, L = 4, DMRS pos = 3

Case 2: S = 8, L = 4, DMRS pos = 8

Case 3: S = 3, L = 4, DMRS pos = 3
	Case 1: S = 0, L = 14, DMRS pos = (3, 11)

Case 2: S = 0, L = 14, DMRS pos = (3, 11)

Case 3: S = 3, L = 4, DMRS pos = 3
	S denotes starting symbol
L denotes the PUSCH duration.

	Target TBS
	256bits
	5888 bits for case 1 and case 2
1480 bits for case 3
	

	MCS
	MCS=6(120/1024,QPSK)
	MCS=10 (340/1024), 16QAM
	URLLC: Use Table 5.1.3.1-3 of 38.214
eMBB: Use Table 5.1.3.1-1 of 38.214

	Number of PRBs
	31
	31
	

	DMRS Configuration
	Type 1
	Type 1
	

	Target BLER for one transmission
	10-4
	10-1
	

	BS antenna configuration
	4 Rx
	

	UE antenna configuration
	1Tx
	

	Propagation channel & UE velocity
	TDL-C, 100ns, 3kmph
	

	Channel Estimation 
	Realistic channel estimation (MMSE)
	

	Receiver
	MMSE for case 1 and case 2
MMSE-SIC for case 3
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