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Introduction
The following options were agreed in RAN1#92 to be studied for dynamic inter-UE uplink multiplexing between URLLC and eMBB [1].
	· Study the options to support dynamic resource sharing between eMBB UL and URLLC UL from different UEs (comparing with existing techniques)
· Option 1: eMBB UE cancels UL transmission when an indication is detected. Details to be discussed/clarified
· UE processing timeline for cancelation
· UE monitoring periodicity
· Group common or UE specific signalling (including the possibility to use eMBB scheduling DCI)
· reliability of indication
· Any impact due to timing advance
· Option 2: UL power control. URLLC UE transmits over the same resource with eMBB UE transmission. The transmission power for URLLC UL is boosted and/or transmission power for eMBB UL is reduced. Details need to be discussed/clarified
· Performance impact to eMBB/URLLC transmission
· How to signal the URLLC transmission power boosting
· How to signal the eMBB transmission power reduction after UL grant
· UE monitoring periodicity
· Processing timeline
· Feasibility of changing eMBB Tx power during the transmission
· reliability of indication
· Any impact due to timing advance
· Other options including gNB receiver interference cancelation schemes are not precluded
· Aspects to be included in the study
· Processing timeline for grant-based procedure for URLLC in UL
· Applicability of the options to TDD and/or FDD can be studied
· Cases for GB-based & GF-based



Either power control or preemption indication (PI) can support dynamic resource sharing. An important question that needs to be asked is what are the advantages and disadvantages of specifying a new gNB indication signal, and whether it is feasible in uplink for dynamic resource sharing. On one hand, good spectral efficiency gains can be achieved (assuming PI miss detections can be avoided). On the other hand, more restrictions will have to be imposed on eMBB processing timeline, which may compromise URLLC latency and/or reliability performance as well.
In this contribution we present our analyses and simulation results, and conclude why, in our opinion, the disadvantages of an uplink PI would outweigh its potential benefits.
Discussion
Upon a received scheduling request from a URLLC UE, gNB may decide to multiplex URLLC transmission with another eMBB transmission on shared resources. A PI can be transmitted by gNB after the URLLC grant is decoded to indicate the preempted resources/symbols to the eMBB UE. See illustration in Figure 1.
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Figure 1: Example illustration for uplink PI (gNB timeline)
URLLC L1 latency requirement from the URLLC SR transmission to the reception of the last PUSCH symbol mandates that the PI needs to be encoded/transmitted by gNB, and received/decoded by the eMBB UE so that the preempted symbols can be suspended. Unless the PI processing timeline requirements are guaranteed to be fulfilled by the multiplexed eMBB transmissions, or unless PI can be guaranteed to be decoded successfully at eMBB UEs, the use of preemption indication-based schemes are likely to cause performance loss for URLLC. 
In the following we analyze the feasibility of eMBB processing timeline to see if strict URLLC latency requirements can be fulfiled by uplink PI scheme.
PI processing timeline for eMBB UE can be considered in 3 parts: 
1. The time required to decode the PI once received, 
2. The time required to cancel the transmission of the indicated symbols, 
3. The configured TA offset by gNB. 
The overall contribution of these 3 delay components needs to be greater than the minimum eMBB capability and, at the same time, should still be smaller than the K2 parameter assigned to the URLLC UE in the PUSCH grant. The reason for the latter constraint is due to the gNB’s PI encoding time as well as the delay caused by PI monitoring periodicity. 
If we denote the time from the PI transmission till the first preempted eMBB symbol by XeMBB, the minimum PI processing capability for eMBB UE (X’eMBB) can be formulated as:
· X’eMBB = XeMBB – TAeMBB < K2’URLLC
where K2’URLLC denotes the K2 parameter for URLLC after the TA offset is taken into account. Specifically, for URLLC and eMBB respectively, 
· K2’URLLC = K2URLLC – TAURLLC ≥ N2URLLC
· K2’eMBB = K2eMBB – TAeMBB ≥ N2eMBB
where N2URLLC and N2eMBB are UE capabilities, as specified in TS 38.214 [2]. We can also denote the time from the successful decoding of the URLLC SR to the transmission of the PI by dPI. The propagation delays for URLLC and eMBB and denoted by ∆TURLLC and ∆TeMBB, hence we can write:
· TAURLLC= 2*∆TeURLLC
· TAeMBB = 2*∆TeMBB
Let PImonitor denote the monitoring periodicity for PI, and we write the following approximation for dPI (i.e., gNB transmission delay for PI):
· 0 < dPI ≤ PImonitor
Figure 2 illustrates the timeline for gNB, eMBB UE, and URLLC UE. Before we calculate average achievable URLLC latency performance, we make the following assumptions to simplify the analyses:
1. The PI processing capability for eMBB (i.e., X’eMBB) is set to minimum N2 capability-2 [2]. (Note that this is the most aggressive supported value in Rel-15)
2. PI monitoring periodicity for eMBB UE is set to 14 symbols.
3. PUSCH length for URLLC transmissions is set to 4 symbols.
4. TA offset for eMBB is considered negligible. (Note that msg3 supports up to 2 ms timing adjustment)
5. Transmission and gNB decoding time for URLLC scheduling request is set to 4 symbols.
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Figure 2: Processing timelines for gNB, eMBB UE, URLLC UE.
Average achievable latency for URLLC transmission can be computed by:
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[bookmark: _GoBack]The average latency results for URLLC are given in Table-1 when  is based on capability-2. The results clearly show that the 1-ms URLLC L1 latency requirement cannot be achieved when eMBB numerology is based on 15 KHz SCS at least, and the average 0.5-ms URLLC L1 latency requirement cannot be achieved with most of the numerologies.
Table 1 Average minimum URLLC latency [ms] (over-the-air) ( is based on capability-2)
	
	URLLC numerology

	eMBB numerology
	
	15 KHz
	30 KHz
	60 KHz
	60 KHz (eCP)

	
	15 KHz
	1.464
	1.178
	1.035
	1.207

	
	30 KHz
	1.035
	0.75
	0.607
	0.708

	
	60 KHz
	0.901
	0.616
	0.473
	0.551


When  is based on capability-1, the URLLC latency performance deteriorates further, as given in Table-2. Clearly neither of the URLLC L1 latency requirements (i.e., 1-ms and 0.5ms) can be fulfilled with any of the numerologies.
Table 2 Average minimum URLLC latency [ms] (over-the-air) ( is based on capability-1)
	
	URLLC numerology

	eMBB numerology
	
	15 KHz
	30 KHz
	60 KHz
	60 KHz (eCP)

	
	15 KHz
	1.821
	3.071
	5.571
	6.499

	
	30 KHz
	1.267
	1.964
	3.357
	3.916

	
	60 KHz
	1.116
	1.660
	2.75
	3.208


We make the following observations based on our analyses.
Observation 1: On average the 1-ms average URLLC latency requirement is difficult to satisfy at least with 15 KHz eMBB SCS and the 0.5ms average URLLC latency requirement is difficult to satisfy with any of the numerologies when eMBB UE PI processing capability is based on Rel-15 aggressive N2 (i.e., capability-2).
Observation 2: Both the 0.5 ms and 1-ms URLLC latency requirements are difficult to satisfy on average with any of the numerologies when eMBB UE PI processing capability is based on Rel-15 capability-1 N2. 
Any potential gain in spectral efficiency achievable by PI-based uplink multiplexing schemes cannot be desirable unless mission-critical URLLC service requirements fulfilled successfully. We propose the following:
Proposal 1: Uplink preemption indication should not be considered in Rel-16 unless URLLC performance can be guaranteed to achieve its minimum L1 latency requirement. 
System-level simulation results
In the following, we present system-level simulation results comparing URLLC and eMBB SINR performance, achieved by the uplink PI solution and the power control (semi-static) scheme. In our simulations we use 10 eMBB UEs and 10 URLLC UEs in a cell wherein all eMBB UEs are configured with 15 KHz subcarrier spacing and all URLLC UEs are configured with 60 KHz subcarrier spacing. We simulate uniformly-distributed packet arrivals with 1000 packets/sec eMBB packet rate and 200 packets/sec URLLC packet rate. For eMBB UEs, K2 parameter is set to the minimum Rel-15 capability-1 (i.e., 10 symbols for 15 KHz subcarrier spacing [2]) and PUSCH length is 14 symbols. For URLLC UEs, K2 parameter is set to the minimum Rel-15 capability-2 (i.e., 11 symbols for 60 KHz subcarrier spacing [2]) and PUSCH length is 4 symbols. 
For uplink dynamic multiplexing, an eMBB PUSCH is not allowed to preempt any other transmission while a URLLC PUSCH is allowed to preempt any eMBB PUSCH, but never another URLLC PUSCH. The scheduler may decide an uplink preemption either before an eMBB transmission starts or during the middle of an ongoing eMBB transmission. 
The simulation evaluates 3 different cases. In the first case, preemptions are allowed; however no multiplexing scheme is applied, resulting in unmitigated interference on overlapped resources. In the second case, a preemption indication is modeled with a fixed monitoring periodicity (i.e., 1-symbol periodicity according to eMBB numerology) and a minimum eMBB processing time requirement (i.e., 2-symbol processing time according to eMBB numerology) for successful PI decoding. As soon as an eMBB UE successfully decodes the PI, the subsequent symbols are suspended. Miss-detection probability for PI is not modeled. All of the eMBB UEs are assumed to support PI. In the third case, power control commands are modeled in the DCI scheduling URLLC PUSCH to boost or reduce URLLC transmission power. The gNB decides the power control command by estimating the achievable BLER and matching it to 10-6 BLER target. Simulation uses ideal CSI estimation. All of our simulation parameters are listed in the Appendix.
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Figure 3: CDF of URLLC and eMBB SINR curves from SLS (in terms of per-PUSCH transmission and after HARQ soft-combining).
Figure 3 shows the SINR CDF curves obtained by all three cases. The URLLC SINR results are shown separately both for each transmission and after HARQ soft-combining for all retransmisions of each TB, and eMBB SINR results are shown after HARQ soft-combining. SINR curves after HARQ soft combining include results obtained after up to 3 HARQ re-transmission attempts (if a TB is successfully decoded after an initial transmission, no more re-transmissions are triggered). The results show that the URLLC SINR performance gain is greater with power control scheme in comparison to PI. The reason is related to the fact that PI monitoring periodicity and processing time requirements have been modeled in the simulation. Once an SR is received by gNB, resources are assigned to URLLC (with K2=11 symbols) and PI is prepared for eMBB UE(s). The difference between eMBB and URLLC numerologies (i.e., 60 KHz vs. 15 KHz scs) forces restrictions on eMBB PI processing timeline. 
The eMBB SINR results in Figure 3 show that the performance loss due to preemption is not as critical as the URLLC case. The reason is that in a system-level evaluation environment it is not likely for the same eMBB UE to be subject to preemption during multiple HARQ re-transmissions of the same TB. Since eMBB does not have as strict latency requirements as URLLC does, a preempted eMBB UE can simply be allowed to perform a HARQ re-transmission on later resources. The performance difference on the tail of the eMBB CDF curves between the case where no scheme is applied and the case where PI scheme is used can be explained as follows. If an eMBB UE decodes the PI in time, the transmission is immediately suspended, resulting in –Inf dB SINR for the preempted symbols of this one transmission attempt. In comparison, when no scheme is applied, some of the LLRs can still be successfully received by gNB (despite unmitigated interference from preempting URLLC UE) and hence higher SINR can be achieved after all of the HARQ re-transmissions and soft combining.
We make the following observations based on our evaluation findings:
Observation 3: Semi-static power control scheme outperforms the preemption indication scheme in terms of URLLC reliability. 
As discussed, if eMBB processing timeline requirements cannot be fulfilled, PI will not be decoded successfully, therefore eMBB transmission will not be suspended in time. When this happens, URLLC PUSCH becomes subject to significant performance loss due to eMBB interference. In addition, eMBB performance results need to be studied by modeling HARQ re-transmissions with soft-combining so that the performance loss due to a URLLC preemption can be evaluated realistically. 
We have the following proposal:
Proposal 2: It is essential to model the following in order to realistically evaluate the performance of uplink preemption schemes in a system-level simulation environment:
· Accurate eMBB processing timeline modeling (including, at least, PI monitoring periodicity and eMBB processing capability)
· HARQ re-transmission modeling with soft-combining capability (at least for eMBB UEs)

Also evaluations should additionally consider the scenario where only some of the eMBB UEs support PI (e.g., 50% of the eMBB UEs support Rel-15 whereas the other 50% of the eMBB UEs support Rel-16 and also capable of monitoring PI). This is an important scenario for evaluating uplink mutliplexing schemes in a realistic deployment scenario. 
We propose the following:
Proposal 3: System-level simulation studies for uplink multiplexing should consider the scenario where only some of the eMBB UEs are capable of supporting preemption indication.
Existing dynamic UL multiplexing methods in Rel-15
Although uplink PI is not defined in Rel-15, dynamic multiplexing is still supported based on the existing power control commands and scheduling grants. Power control can help URLLC boost transmit power in case of a preemption, or help reduce eMBB transmit power to minimize interference to URLLC transmission. Also eMBB transmission can be re-scheduled to other preemption-free resources after the URLLC transmission is scheduled (Figure 4).
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Figure 4: Existing Rel-15 schemes: a-) URLLC power control, b-) eMBB re-scheduling to preemption-free resources.
Observation 4: Power control and eMBB re-scheduling based methods are already supported in Rel-15 for uplink dynamic multiplexing. 
However, further enhancements can be considered in Rel-16 to introduce greater flexibility for uplink dynamic multiplexing. One potential enhancement could be to introduce more step sizes to the dynamic TPC table for finer granularity with power boost/back-off. Another enhancement could introduce higher decoding reliability for the scheduling grant that assigns new resources to eMBB UE when a preemption is expected to occur. We have the following proposal:
Proposal 4: Further enhancements should be investigated for power control and re-scheduling methods in Rel-16 to improve UL dynamic multiplexing between eMBB and URLLC. 
Conclusions
We have the following observations:

Observation 1: On average the 1-ms URLLC latency requirement is difficult to satisfy at least with 15 KHz eMBB SCS and the 0.5ms average URLLC latency requirement is difficult to satisfy with any of the numerologies when eMBB UE PI processing capability is based on Rel-15 aggressive N2 (i.e., capability-2).
Observation 2: Both the 0.5 ms and 1-ms URLLC latency requirements are difficult to satisfy on average with any of the numerologies when eMBB UE PI processing capability is based on Rel-15 capability-1 N2.
Observation 3: Semi-static power control scheme outperforms the preemption indication scheme in terms of URLLC reliability.
Observation 4: Power control and eMBB re-scheduling based methods are already supported in Rel-15 for uplink dynamic multiplexing.

We have the following proposals:

Proposal 1: Uplink preemption indication should not be considered in Rel-16 unless URLLC performance can be guaranteed to achieve its minimum L1 latency requirement.
Proposal 2: It is essential to model the following in order to realistically evaluate the performance of uplink preemption schemes in a system-level simulation environment:
· Accurate eMBB processing timeline modeling (including, at least, PI monitoring periodicity and eMBB processing capability)
· HARQ re-transmission modeling with soft-combining capability (at least for eMBB UEs).
Proposal 3: System-level simulation studies for uplink multiplexing should consider the scenario where only some of the eMBB UEs are capable of supporting preemption indication.
Proposal 4: Further enhancements should be investigated for power control and re-scheduling methods in Rel-16 to improve UL dynamic multiplexing between eMBB and URLLC.
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Appendix
Table A: System-level simulation parameters for UL multiplexing.
	Parameters
	Value

	Simulation time
	40 seconds

	Channel model
	TDL-C (300 ns rms)

	Number of eMBB UEs per cell
	10

	Number of URLLC UEs per cell
	10

	URLLC subcarrier spacing
	60 KHz

	eMBB subcarrier spacing
	15 KHz

	Number of eMBB antennas
	2

	Number of URLLC antennas
	2

	Number of gNB antennas
	2

	Channel coding
	LDPC

	eMBB coding rate
	2/3

	URLLC coding rate
	1/3

	HARQ combining
	Chase combining

	Maximum HARQ re-transmissions per TB
	3

	URLLC packet rate
	200 packets/sec

	eMBB packet rate
	1000 packets/sec

	Packet arrival
	Uniform distribution

	K2 parameter for eMBB
	10 symbols (based on eMBB numerology)

	K2 parameter for URLLC
	11 symbols (based on URLLC numerology)

	eMBB PUSCH TD-assignment
	Type-A, 14 symbols

	URLLC PUSCH TD-assignment
	Type-B, 4 symbols

	Total available bandwidth
	100 MHz

	PI monitoring periodicity
	1 symbol (based on eMBB numerology)

	PI processing time (for eMBB UEs)
	2 symbols (based on eMBB numerology)

	Power control step sizes (for URLLC UEs)
	[-3, -1, 1, 3] dB
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