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1 Introduction

In DL, even two mechanisms of dynamic multiplexing of DL transmissions with different latency and reliability requirements were specified: CBG-based retransmissions with CBGFI feature and DL interrupted/pre-empted transmission indication by a group-common DCI format 2_1. However, in UL there is no special support of dynamic multiplexing from both intra-UE and inter-UE perspective. Therefore, if a more urgent traffic appears at UE for transmission, it may either collide with its own transmission or with other UE transmission within a cell unless some reserved resources are provisioned by gNB.

At RAN plenary #78 it was decided to further study the problem of dynamic multiplexing in UL in a framework of NR URLLC, although the issue is mainly related to a more efficient operation of eMBB type of services. Then, at RAN1#92, initial discussion on potential options and technical details of dynamic UL multiplexing happened and the following agreements were made:
	Agreements:

· 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


In this contribution, considerations on techniques for dynamic multiplexing of UL transmissions are discussed while other URLLC related issues are considered in [1]-[3].
2 Intra-UE Multiplexing

For intra-UE multiplexing, it is natural to assume that UE can prioritize transmission of the service which has higher priority. In this section, first PUSCH-to-PUSCH collisions within a UE are discussed, then other types of UL collisions including PUCCH-to-PUSCH etc. are presented.
2.1 PUSCH-to-PUSCH Collisions
Although there is a MAC layer procedure for logical channel filtering to be mapped to a given PUSCH, handling of such collisions is expected to take place at L1. For that purpose, some rules for PUSCH dropping in case of overlap should be defined. However, there is currently no notion of PUSCH or DCI grant priorities and therefore an explicit prioritization rule may not be possible. Thus, implicit criteria would be needed. The following rule can be considered:
· Prioritization by PDCCH monitoring instance (e.g. last symbol of PDCCH where DCI was detected). In this case, the overlapping PUSCH scheduled by PDCCH detected later than another grant is expected to be prioritized since gNB decision is assumed to take such collision into account.
If an overlap happens and collision is handled by the proposed above prioritization rule, it is expected that UE drops at least the lower priority PUSCH part overlapped in time domain with the higher priority PUSCH, i.e. no power sharing is allowed in case of non-overlapping in frequency domain allocations. Moreover, if UE detects pre-empting DCI before the start of previously scheduled PUSCH it is expected that the previously scheduled PUSCH and all its retransmissions are cancelled. If UE detects the grant scheduling the higher priority PUSCH during an ongoing PUSCH transmission it should not be expected that UE continues transmission of the lower priority PUSCH after dropping the overlapped part.
Proposal 1
· For a UE supporting URLLC traffic, if the UE receives a dynamic grant scheduling PUSCH overlapping with another PUSCH scheduled by an earlier received grant, the UE follows the latter-received grant and the previously scheduled PUSCH is dropped in the overlapping symbols
· UE is not expected to continue transmission of the lower priority earlier scheduled PUSCH after dropping the overlapped symbols

In case the lower priority transmission is grant-free and the higher priority transmission is grant-based, the currently specified behaviour of overriding a configured grant by a dynamic grant works perfectly. However, if the UE is configured with grant-free higher priority service and is dynamically scheduled with a lower priority PUSCH transmission, the currently specified rule would lead to URLLC service interruption. This scenario was extensively discussed in RAN2 and was fully taken into account assuming smart gNB implementation which should be informed about such potential collisions. I.e., since gNB knows the configured grant resources assigned to a UE, it can avoid scheduling grant-based lower priority transmissions in these resources. Moreover, it can first ensure there will be no collision by providing a separate dynamic grant for the higher priority service and then schedule the lower priority service.

Observation 1
· There is no need for additional handling of configured grant and dynamic grant prioritization since RAN2 already considered the use cases of URLLC and eMBB multiplexing when taking the decision about current overriding behaviour
2.2 Other Types of UL Collisions

Furthermore, similar rules could be defined for other UE transmissions, i.e. UCI/PUCCH, SRS, and PRACH. Although such collisions are subject to configuration options, it may be assumed that any later dynamically triggered UE transmission has higher priority than the previously dynamically triggered transmission regardless whether this is PUSCH or UCI/PUCCH, SRS, PRACH.
Proposal 2
· For a UE supporting URLLC traffic, if the UE is instructed to trigger an UL transmission overlapping with a previously triggered UL transmission regardless whether this is PUSCH or UCI/PUCCH, SRS, the previously triggered UL transmission is dropped starting from the overlapping symbols
3 Inter-UE Multiplexing

In this section, mechanisms of UL URLLC and eMBB multiplexing for different UEs in a cell are discussed. In general, the UL URLLC and eMBB transmissions can be multiplexed in time or frequency using the same or different numerologies at the same carrier. Depending on URLLC service load and traffic characteristics, the multiplexing approach could be either semi-static or dynamic or a combination thereof (see Figure 1). In case of the high URLLC traffic loading and/or regular traffic pattern for URLLC, the semi-static multiplexing strategy may properly work without capacity penalty. The semi-static approach may be realized by gNB implementation with restrictive scheduling of eMBB UEs outside of URLLC resources. However, when the traffic is sporadic/irregular and has low rate, reservation of resources for URLLC reception may lead to substantial eMBB capacity penalty. For example, if URLLC service sporadically appears in average once in a second and consumes 1 ms and 10% of bandwidth, the overall reserved spectrum resource usage will be about 0.1% with 9.999% of overall spectrum wasted. In this case, mechanisms of dynamic multiplexing would provide substantial eMBB performance gains.
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Figure 1. Relation of URLLC traffic characteristics and multiplexing approach.

Last time, the following main techniques for techniques for dynamic multiplexing were identified:

· Setting higher power transmission for URLLC and/or lower power transmission for eMBB
· UL transmission interruption or continuation indication
3.1 Power Control

One option to protect UL URLLC from eMBB is to use higher transmission power for UL URLLC transmission by configuring different power control parameters. Obviously, such operation is subject to potential power limitation. However, in most cases it may be sufficient. This thesis is checked by geometry UL SINR evaluations. The feasibility of power control based pre-emption is shown in two different scenarios: UMa URLLC from TR 38.802 and IMT-2020 UMa URLLC. The following key assumptions are made for this study:
· Carrier frequency 700 MHz, 10 MHz BW, 15 kHz SCS
· 10 PRB UE allocation, random UE scheduling, full buffer assumption

· One active URLLC transmission in one cell in the network (i.e. sporadic URLLC traffic assumption) in a given sub-band
· Power control: alpha = 0.8, P0 set to achieve target SNR = [10, 15, 20] dB

· Case 1: same power control settings for eMBB and URLLC

· Case 2: different power control settings for eMBB and URLLC

· Collision assumptions
· Case 1: no collision between eMBB and URLLC

· Case 2: collision between eMBB and URLLC
Under these assumption, the geometry UL SINR is shown in Figure 2 and Figure 3 for TR 38.802 and IMT-2020 scenarios respectively. As it can be seen, there is a large degradation of URLLC in case of equal power control parameters when collision happens. However, in both considered scenarios there is a possibility to restore URLLC SINR by increasing transmission power. Note, that potential degradation of eMBB SINR in this case is expected to be very low due to sporadic URLLC traffic assumption.
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Figure 2. URLLC PUSCH SINR distribution, Urban Macro URLLC from TR 38.802.
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Figure 3. URLLC PUSCH SINR distribution, Urban Macro URLLC from IMT-2020.
The higher power could be achieved by at least the following already specified mechanisms:
· Service-specific P0 and alpha settings. Current UL power control framework supports different P0 and alpha settings with dynamic switching between them by SRI indication in DCI. Moreover, the OLPC settings are configured separately for configured grant operation which is assumed as a typical mode of operation for latency critical UL services.
· UE-specific P0 settings. If UE operates with one service at a time, the P0 difference may be achieved by setting UE-specific offset currently supported in NR.
· Dynamic TPC command adjustment. A limited transmit power control adjustment may also be achieved by dynamic TPC commands. However, this mechanism is more suitable to track channel variations rather to emulate different target received power for different services.
As it can be seen, current NR power control framework supports flexible and dynamic change of open-loop parameters. It can be concluded, that there is no need for further enhancements in this field to achieve dynamic multiplexing of transmissions with different latency and reliability requirements.
Observation 2
· NR provides sufficient mechanisms to configure different power control parameters for different services either dynamically or semi-statically
It was also discussed as an option, that eMBB power could be reduced dynamically to reduce intra-cell interference to URLLC. However, such indication requires from a UE exactly the same behaviour as for interruption indication and could be seen as a generalization of U-INT where the power is not set to zero but to some non-zero value during interruption. Therefore, such approach should be classified as dynamic interruption rather than the power control.
Observation 3
· Dynamic reduction of eMBB power can be better classified as a generalized form of interruption indication and should be discussed in that context rather than power control techniques
3.2 Interruption and Continuation Indication

Although in most cases the above described techniques can be sufficient, additional benefits could be observed if long transmissions may be interrupted or stopped to yield to URLLC services. Two general types of such indication are considered: interruption indication (U-INT) and continuation indication (U-CON).
Interruption indication

This mechanism was discussed during the first phase of NR work item but had not gained significant attention from ecosystem due to lack of thorough study of the following potential aspects:
· UE complexity for monitoring and applying interruption indication. Differently from DL, the UL interruption indication (U-INT) monitoring time scale should be typically much lower than a slot for small SCS (15, 30 kHz) and be comparable to a slot for large SCS (60, 120 kHz). Moreover, the indication should be processed with small latency and passed to both baseband and RF chains for interruption. Assuming typical/reasonable UE implementation supporting eMBB services, such “application time” for U-INT may be significant (in order of N2 processing time value) and may result in marginal gains from the indication on system level. In particular, for 15 kHz, currently defined N2 is 10 symbols for Conf#1 and 2.5-6 symbols for Conf#2 result in 0.71 ms and 0.18-0.43 ms cancellation delay respectively even excluding frame alignment due to monitoring periodicity and indication duration components.
· Handling of inter-cell interference. U-INT is likely to be cell-specific and therefore UL interference from cell-edge high-power UEs of other cells may be comparable to the intra-cell interference being interrupted resulting in the same situation as the intra-cell collision.
· Protection of grant-free transmissions. Interruption indication was mainly assumed for the cases of dynamic grant based scheduling when gNB schedules both eMBB and URLLC services and may generate the appropriate U-INT when the need for URLLC traffic is identified. However, UL transmission with configured grant is assumed to be performed without any scheduling request and therefore would interfere with eMBB anyway. In that case, the gNB may need to detect the initial transmission with configured grant and try to interrupt eMBB at least when repetitions or dynamically scheduled retransmissions come.
· U-INT detection should be ultra-reliable and provide ~1e-5 detection error in order to be able to release spectrum for the service which requires 1e-5 error rate.
In order to prove the above observations on impact processing latency and monitoring periodicity, a simplistic latency analysis is performed (see Table 1). The following U-INT maximum latency formula is used assuming grant-based URLLC transmission:

TA + SR_periodicity + SR_duration + SP + X1 + X2 + X3,

Where:
· SR_periodicity is taken as 2 symbols as currently available minimum;

· SR_duration is taken as 1 symbol as currently available minimum;

· TA, is the timing advance value (assumed zero for simplicity);

· SP is assumption on SR processing time at gNB. It is set to [2 or 4] symbols;

· X1 – periodicity of U-INT monitoring/transmission from a set of [2, 4, 7, 14] symbols;
· X2 – duration of U-INT transmission assumed to be 1 symbol;
· X3 – U-INT application time assumed to be N2 value, either normal (10 for 15 kHz and 12 for 30 kHz) or aggressive one (4 symbols for both SCS).

Table 1. Latency analysis of U-INT application.

	
	
	Total #OS latency to apply U-INT
	Available #OS for URLLC after U-INT, 15 kHz
	Available #OS for URLLC after U-INT, 30 kHz

	X1, #OS
	X3, #OS
	SP = 2 OS
	SP = 4 OS
	SP = 2 OS
	SP = 4 OS
	SP = 2 OS
	SP = 4 OS

	2
	4
	12
	14
	2
	0
	16
	14

	2
	10
	18
	20
	-4
	-6
	N/A
	N/A

	2
	12
	20
	22
	N/A
	N/A
	8
	6

	4
	4
	14
	16
	0
	-2
	14
	12

	4
	10
	20
	22
	-6
	-8
	N/A
	N/A

	4
	12
	22
	24
	N/A
	N/A
	6
	4

	7
	4
	17
	19
	-3
	-5
	11
	9

	7
	10
	23
	25
	-9
	-11
	N/A
	N/A

	7
	12
	25
	27
	N/A
	N/A
	3
	1

	14
	4
	24
	26
	-10
	-12
	4
	2

	14
	10
	30
	32
	-16
	-18
	N/A
	N/A

	14
	12
	32
	34
	N/A
	N/A
	-4
	-6


The latency analysis above confirms that in most of the cases the delay to complete U-INT leads to almost no time available for URLLC transmission itself, effectively significantly reducing URLLC link budget and/or data rate. The only scenarios which show positive number of symbols available for URLLC are concerned with very fine granularity of U-INT monitoring (2-4 symbols), aggressive U-INT processing time of 4 symbols and aggressive SR processing times. Note, currently there is no TA accounted for simplicity which also contributes to the latency.

The overall example timeline for UL interruption indication is shown in Figure 4. Here, it is assumed that upon reception of U-INT and expiration of the application time the UE cancels its UL transmission, i.e. punctures the remaining symbols of the generated transport block.
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Figure 4. UL interruption indication.

Continuation indication

Continuation indication (U-CON) approach is very similar to the interruption one but delivers to UEs information that the scheduled transmission must or must not be continued as planned (see illustration in Figure 5). This approach may be viewed as a part of dynamic scheduling, but without full-blown DCI used to schedule every part of PUSCH. The main advantage of such indication is that in case of missed detection it cannot lead to URLLC service degradation, while missing interruption indication may lead to strong interference to URLLC transmissions. Comparing to U-INT, U-CON typically consume more monitoring occasions but smaller resources for each indication since it should not be delivered with ultra-reliability. Continuation indication transport options are identical to the ones listed for U-INT, i.e. it can either be based on DL PI format, or other group-common or UE-specific indication.
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Figure 5. UL continuation indication.
3.3 Summary on Inter-UE Dynamic Multiplexing
In the previous sections, different possibilities for optimization of dynamic multiplexing of UL transmissions with different latency and reliability requirements were discussed. From the analysis it can be concluded, that there is currently no clear advantage from introduction of UL interruption indication given the listed unresolved aspects such as UE complexity and power consumption, application time, system overhead and overall gains comparing to the already available power control or scheduling based mechanisms. Therefore, the following is proposed:
Observation 4
· Different approaches may be considered to support cancellation of UL transmissions in favor of higher priority URLLC traffic in terms of either transmission interruption or continuation signaling and related UE behavior.

· Most of these approaches incur non-negligible complexity and power consumption increase for the UE that may not even support URLLC services while the overall benefits and gains are not very apparent.

Proposal 3
· It is not essential to specify UL interruption indication in NR
4 Conclusions

In this contribution, considerations on techniques for dynamic UL multiplexing of different services is presented. Based on the discussion and analysis, we have the following observations and proposals:
Observation 1
· There is no need for additional handling of configured grant and dynamic grant prioritization since RAN2 already considered the use cases of URLLC and eMBB multiplexing when taking the decision about current overriding behaviour
Observation 2
· NR provides sufficient mechanisms to configure different power control parameters for different services either dynamically or semi-statically
Observation 3
· Dynamic reduction of eMBB power can be better classified as a generalized form of interruption indication and should be discussed in that context rather than power control techniques
Observation 4
· Different approaches may be considered to support cancellation of UL transmissions in favor of higher priority URLLC traffic in terms of either transmission interruption or continuation signaling and related UE behavior.

Proposal 1

· For a UE supporting URLLC traffic, if the UE receives a dynamic grant scheduling PUSCH overlapping with another PUSCH scheduled by an earlier received grant, the UE follows the latter-received grant and the previously scheduled PUSCH is dropped in the overlapping symbols
· UE is not expected to continue transmission of the lower priority earlier scheduled PUSCH after dropping the overlapped symbols
Proposal 2
· For a UE supporting URLLC traffic, if the UE is instructed to trigger an UL transmission overlapping with a previously triggered UL transmission regardless whether this is PUSCH or UCI/PUCCH, SRS, the previously triggered UL transmission is dropped starting from the overlapping symbols
Proposal 3

· It is not essential to specify UL interruption indication in NR
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