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1 Introduction

At RAN1#87, the possibility of URLLC DL transmission at already scheduled eMBB DL resources was agreed. At the RAN1 NR AdHoc#1 meeting, the consensus was achieved regarding the need of preemption indication with details FFS. At the last RAN1#88 meeting, the following agreements regarding the dynamic DL multiplexing were made:
Agreements:
	RAN1#88
· Indication of URLLC transmission overlapping the resources scheduled for an eMBB UE in downlink can be dynamically signaled to the eMBB UE to facilitate demodulation and decoding

· FFS details

· Indication can be dynamically signaled to a UE, whose assigned downlink resources have partially been preempted by another downlink transmission, to increase the likelihood of successful demodulation and decoding of the TB(s) transmitted within the above mentioned assigned resource

· The indication may be used to increase the likelihood of successful demodulation and decoding of the transport block based on the pre-empted transmission and/or subsequent (re)-transmissions of the same TB
Working assumption:

· CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, which shall have the following characteristics:

· Only allow CBG based (re)-transmission for the same TB of a HARQ process

· CBG can include all CB of a TB regardless of the size of the TB – In the such case, UE reports single HARQ ACK bits for the TB

· CBG can include one CB

· CBG granularity is configurable


In this contribution, we analyze aspects relevant to DL multiplexing of URLLC and eMBB transmissions. Other aspects related to NR URLLC are discussed in our companion contributions [1]-[5].
2 Indication Mechanisms

At RAN1#86bis it was agreed to signal reserved resources with further details FFS [1]. The indication of preemption can be classified as signaling of reserved resources that can provide common mechanism for both eMBB/URLLC multiplexing and forward compatibility with new technologies. From eMBB/URLLC multiplexing point of view, the following properties are required in terms of physical format and carried information.
Physical format

The indication itself may be represented by a DCI format, while the physical channel which carries this format may differ depending on usage scenarios and configuration. For example, the slot-based NR PDCCH located in the start of each slot may be used for DCI format transmission. In other scenario, this DCI format may be carried by mini-slot level NR PDCCH in order to indicate the preemption during the eMBB TTI. See in Figure 1 the examples of both indications.
Since this indication channel is processed by eMBB UEs, it is natural to use eMBB numerology in order to simplify the UE-side processing.
Linkage to preempted resources

Although the preemption indication should be explicit, both implicit and explicit linkage with the preempted resources may be considered:

· Linkage with preempted resources:
· Timing relation. For example, for DL eMBB and URLLC multiplexing the reservation signal may point to frequency resources located in the same symbols where the reservation signal is detected (as illustrated in Figure 1). The signal may also point into future or past resources depending on scenario, e.g. it may be carried in a slot control part and point to the reserved resources in the previous slot.

· Frequency sub-band relation. In case of wideband operations, the signal may be located near the preempted sub-band.

· Signaling content:

· If the implicit relation is not applied, then the time-frequency resources need to be signaled explicitly. At least preempted symbols need to be indicated assuming URLLC may typically be wideband.

· Transmission direction (DL or UL or e.g. SL). In our companion contribution [4] we discuss the usage of reservation signaling for eMBB and URLLC multiplexing in UL. In our view, the signaling of DL and UL reserved resources may be done in a common way, thus a differentiation of transmission direction is needed.

· Puncturing or rate-matching. Depending on timing relation with the resource reservation indication, the resources at TX side may either be punctured or rate matched.

· Puncturing: In case the reservation occurs on resources which transmission already scheduled, the puncturing type is used since there is no chance to update the resource element mapping because a part of the transmission was done in other assumptions.

· Rate-matching: In case the reservation occurs on resources which are not yet scheduled, the rate matching around the reserved resources may be exploited.

Processing latency requirement and UE capability
Depending on application and UE capability, these reservation signals may be mandated to be processed with different latency. For example, in case of self-contained slot structure, it is desirable to process the indication with minimum delay in order to be able to send actual feedback information to gNB. In other cases, the search for the preemption signaling may be triggered only if the decoding fails. Note, that UEs which are capable of both eMBB and URLLC/LLC may support monitoring of mini-slot based DCI formats, while the eMBB only UEs without LLC capabilities may support only indication in slot-based control channel occasions. See Figure 1 for .
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Figure 1. Example of a reservation signal for URLLC and eMBB multiplexing.

Proposal 1
· Dynamic indication of impacted resources is supported in a framework of signaling of reserved resources.
· At least preempted symbols are indicated.
· Both mini-slot level and slot level downlink control channel can carry the reserved resources signaling.
3 Puncturing of Different Channels

Scheduling of URLLC on ongoing eMBB shared channel resources was extensively discussed. However, the aspects of potential puncturing of other than shared channels should be considered. There are several types of channels to consider and we discuss them one-by-one.

NR PDCCH

Current NR PDCCH structure can support a variety of configurations with both distributed and localized mapping and potentially configurable time-first or frequency-first mapping. There is also a possibility to place the control in a start of a slot or in a mini-slot. In all these configurations, the control channel may compose of both common and UE-specific search spaces. When URLLC traffic arrives, a gNB may decide whether to puncture some of the control channel resources and schedule common DCI and possibly UE-specific DCI in remaining resources. If there critical information which needs to be maintained, then gNB may choose to skip URLLC scheduling in a particular PDCCH occasion.
Note, that group common PDCCH which carries the slot format indication (as discussed in [7]) should not be punctured in any scenario since its presence is critical for proper operation of both eMBB and URLLC.

DM-RS of shared channel

When the eMBB data is punctured by URLLC mini-slots it needs to be decided whether the DM-RS of the slot are also punctured. The final decision may depend on the final DM-RS design. Current agreements on DL DM-RS assume that there will be at least a front-loaded DM-RS configuration which spans one or two symbols. If there are only front-loaded DM-RS configured, then puncturing of these resource elements may lead to the failure of the whole eMBB slot irrespective of eMBB UE transmission parameters. Therefore, the front-loaded DM-RS puncturing may be avoided especially in case if there is a mechanism to efficiently recover the impacted resources. As for the additional DM-RS sets which may be distributed over slot symbols, the following may be considered:
· In case of different numerologies of the slot and the mini-slot, it may be inefficient to multiplex DM-RS of one numerology within the shared channel of another numerology due to the need for guard bands and corresponding filtering.

· Puncturing of the shared channel may have dominant effect on eMBB BLER in this case, while the degraded channel estimation may contribute less.
· Maintaining eMBB DM-RS will introduce an overhead to the URLLC transmission. 

If the additional DM-RS to be punctured along with data, a UE may update its assumption on channel estimation using the preemption indication mechanism and excluding the affected resource elements from the processing. Moreover, an advanced UE may use DM-RS presence detection approach in order to implicitly detect the puncturing event.

Other than DM-RS, there are several types of other RS needed for MIMO operation, e.g. CSI-RS, beam managements RS, etc. The final decision on whether these signals can be preempted is dependent on the final RS design and should be considered further.
NR-SS, PBCH
The initial access signals and broadcast channels are critical for stable NR operation and therefore should be protected from preemption by URLLC channels. In this case, these channels need to be rate-matched similar to all other channels.
URLLC channels

There is also a possibility that URLLC arrives when there is an ongoing URLLC transmission for another UE or service. For example, a URLLC UL grant may need to be sent over the scheduled URLLC mini-slot. In this case, a UE with ongoing DL URLLC should not assume that its shared channel may be preempted. In other cases, it should be up to gNB whether to prioritize one of the transmissions, or reserve resources for control channel or to postpone one of the transmissions based on analysis of service priorities and latencies.
Proposal 2

· It is up to gNB whether to schedule URLLC mini-slot in PDCCH resources.
· Scheduling of URLLC in group-common PDCCH is avoided.

· FFS whether front-loaded DM-RS of eMBB shared channel can be punctured.
· Additional DM-RS distributed over the slot may be punctured along with the data.

· Initial access signals and broadcast channels are ratematched during URLLC transmission.
4 Techniques for Recovery
A basic technique for recovery is HARQ retransmission. The multi-bit HARQ for a group of code blocks was agreed as a working assumption. Depending on whether the multi-bit HARQ will be supported as a basic mode of operation, it may or may not be needed to consider additional techniques for improving robustness to time-domain interference.
In case only single-bit HARQ feedback is supported in NR for typical mode of operation, additional techniques for recovery from time-selective interference/puncturing may be needed. In this section we analyze whether changed CB mapping order can provide better performance under assumption of TB-level retransmission. The following schemes are analyzed:
· Scheme 1. Frequency-first mapping (LTE-like).

· Scheme 2. Block time-first mapping. For this scheme, the time-first mapping is done by blocks of 4 symbols.

· Scheme 3. Pseudo-random time-frequency mapping.

The comparative analysis of these schemes is shown in Figure 2. The detailed link level evaluation assumptions can be found in Appendix A. The evaluated eMBB physical structure is illustrated in Appendix B.
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Figure 2. Analysis of different RE mapping with puncturing and TB-level retransmissions.

Observation 1

· Pseudo-random time-frequency RE mapping order provides the best performance among the considered schemes.
· Frequency-first codeblock RE mapping has the worst performance in case of TB-level retransmissions.

From the evaluations in Figure 2 it can be concluded that for single-bit HARQ feedback, i.e. all CBs are indicated by one bit, the distributed RE mapping schemes can bring performance improvement comparing to the frequency first mapping.
Proposal 3
· In case of single-bit HARQ feedback, further study distributed RE mapping schemes.
5 Conclusions

In this contribution, we discussed the issue of DL URLLC and eMBB multiplexing. Based on the discussion and analysis, we have the following proposals:
Proposal 1

· Dynamic indication of impacted resources is supported in a framework of signaling of reserved resources.
· At least preempted symbols are indicated.
· Both mini-slot level and slot level downlink control channel can carry the reserved resources signaling.
Proposal 2

· It is up to gNB whether to schedule URLLC mini-slot in PDCCH resources.

· Scheduling of URLLC in group-common PDCCH is avoided.

· FFS whether front-loaded DM-RS of eMBB shared channel can be punctured.

· Additional DM-RS distributed over the slot may be punctured along with the data.

· Initial access signals and broadcast channels are ratematched during URLLC transmission.
Proposal 3
· In case of single-bit HARQ feedback, further study distributed RE mapping schemes.
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Appendix A – Evaluation Assumptions 

	
	eMBB
	URLLC

	Channel model
	CDL-A, 100 ns, low Doppler
	-

	MCS
	QPSK, TBS 14112
16QAM, TBS 17568

16QAM, TBS 28336

64QAM, TBS 39232

64QAM, TBS 51024
	-

	Numerology
	SCS = 15 kHz

CP – normal
	SCS = 60 kHz

CP – normal

	Scheduling unit
	Slot of 14 symbols (13 useful in order to account for CCH)

100 PRB
	Mini-slot of 4 symbols with boundaries aligned to eMBB symbols.

Appears in every slot in wideband.

	Channel coding
	LTE CTC
	-

	RX antenna
	2 RX, high correlation
	-

	TX antenna
	1 TX
	-

	RS signals
	CRS-like
	-

	Retransmissions
	1 ReTX, Incremental Redundancy
	-


Appendix B – eMBB Physical Structure for Evaluation
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Figure 3. Evaluated eMBB PRB structure
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Figure 4. Codeblocks location in case of frequency first mapping.
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