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1. Introduction 
In RAN1#88 we agreed the following on pre-emption indicator:

· 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
In RAN1#88bis, we agreed the following:
· No new physical channel specific for indication of DL resources being preempted by another DL transmission is introduced 

· FFS whether the indication is based on NR-PDCCH or a group common PDCCH
· FFS location of the indication

· FFS timing of the indication
In RAN1#89, we further agreed on the following:
· For DL CBG-based (re)transmission,
· Following information can be configured to be included in the same DCI:
· Which CBG(s) is/are (re)transmitted.
· Which CBG(s) is/are handled differently for soft-buffer/HARQ combining.
· FFS: whether/how UE behavior is specified, e.g., part/whole of soft-buffer of indicated CBG(s) is flushed.
· FFS: timing of CBG-based (re)transmission.
· For preemption indication;
· When configured, the indication tells the UE(s) which DL physical resources has been preempted.
· The preemption indication is transmitted using a PDCCH.
· The preemption indication is not included in the DCI that schedules the (re)transmission of the data transmission.
· FFS: the granularity of the time and/or frequency resources.
· FFS: what DCI is used.
· FFS: timing of the preemption indication.
This contribution discusses some potential contents of the pre-emption indicator
2. Discussion
We discuss the granularity indicated in the pre-emption indicator, the indicator location of the pre-emption indicator and subsequent retransmission.

2.1 Granularity

In [1] we investigated the impact of the size of the URLLC pre-emption on the decoding performance of the pre-empted eMBB.  We simulated four scenarios using the simulation assumptions in the Appendix.  The scenarios are summarised in Figure 1, i.e:

· A: This is the baseline scenario where eMBB is not punctured

· B: Another baseline scenario that shows the impact of URLLC puncturing 450REs of an eMBB CB

· C: A 900 RE URLLC transmission pre-empts the eMBB transmission. Each CB of the eMBB TB is punctured by 450REs. The performance of this scenario is directly comparable to that of scenario B.

· D: 900 RE URLL transmission pre-empts a single code block of the eMBB transmission. There is higher puncturing of the eMBB CB in this scenario and the performance of CB2 (and hence the whole TB) is expected to be impacted.

[image: image1]
Figure 1: URLLC pre-emption scenarios
The simulated performance is shown in Figure 2. The figure shows the following:

· A and B comparison. Puncturing of the eMBB transmission due to URLLC pre-emption allows the eMBB transmission to be self-repaired. There is an associated performance loss that is equivalent to the loss in coding and processing gain caused by the pre-emption.

· C and B comparison. When two codeblocks are pre-empted by a single 900 RE URLLC transmission (i.e. each CB is pre-empted by 450 REs of URLLC transmission), there is a small degradation in performance associated with the larger number of code blocks that are prone to error per pre-emption event.

· D and B comparison. When the 900 RE URLLC transmission pre-empts a single CB within an eMBB TB, there is a more significant performance degradation due to a large loss in coding gain and processing gain within one of the code blocks of the transport block. The performance of the eMBB transmission is governed by the performance of the weakest constituent CB within the TB (i.e. the CB that is most pre-empted by URLLC)
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Figure 2 – Simulated performance of when URLLC pre-empts code blocks of an eMBB transmission

We thus make the following observation:

Observation 1: eMBB performance is related to the proportion of puncturing that is applied to individual code blocks within the eMBB TB, not the proportion of puncturing that afflicts the TB as a whole.
From Observation 1, we can also conclude that a granularity size (used in pre-emption indicator) of a CBG or CB would lead to excessive puncturing thereby reducing the ability of the pre-empted eMBB transmission to be self-repaired.  This would not meet the agreement made in RAN1#88, where the indicator is used to increase the likelihood of successful demodulation and decoding of the TB.

Observation 2: Using CBG or CB as the granularity of the pre-empted resources in the pre-emption indicator can lead to excessive puncturing of the pre-empted (i.e. eMBB) transmission and does not allow self-repair of the pre-empted transmission.

Ideally, the granularity is exactly that of the resources pre-empted by the URLLC transmission.  However, if this is not feasible, then the granularity should be a percentage of the eMBB transmission, preferably a percentage of a CBG or CB.  For example in Figure 3, an eMBB transmission consists of 4 CBGs where each CBG consists of 4 CBs and the granularity can be 6.25% (i.e. 1/16) of the resources used for an eMBB CB, i.e. the resources used for the eMBB CB transmission are divided into 16 parts as shown in Figure 3, which are labelled as 0 to 15.  We refer to each one of the 16 parts as Puncturing Parts.  In this example, an URLLC transmission pre-empted some eMBB resources, particularly one of the CBs as shown shaded in red which overlaps Puncturing Part 6 and Puncturing Part 7.  The pre-emption indicator can then indicate the start of the pre-emption i.e. Puncturing Part 6 and the number of Puncturing Parts, i.e. 2.  Here the start of the pre-emption would require 4 bits and the number of Puncturing Parts can use 3 bits (i.e. to indicate a maximum of 8 Puncturing Parts) since if more than 50% of the transmission is punctured then it is unlikely the eMBB transmission can be repaired.  In this example additional bits are also required to indicate the affected CB.  Although it is typically good practise to minimise the DCI size, it should be noted that the number of bits required for the pre-emption indicator is insignificant compared to the size of an eMBB transmission.
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Figure 3: Granularity of pre-empted resources
Proposal 1: The granularity of the pre-empted resources that is indicated in the pre-emption indicator is a predefined percentage of the resources of the pre-empted transmission.

2.2 Pre-emption Indicator Location

Since the URLLC transmission is delay intolerant, the pre-emption indicator can only be transmitted during or after the pre-emption. The proposed locations are shown in Figure 4, which are described in detail in [2] and are summarised below:

· Pre-emption indicator in location A is also known as Current Indicator, which allows the UE to be immediately aware of the pre-emption but it would require the UE to perform continuous blind decoding for the indicator during the entire eMBB transmission

· Pre-emption indicator in location B is also known as Post Indicator which requires the UE to only blind decode for this indicator once per eMBB transmission

· Putting the indicator in the immediate next slot as in location C in Figure 4 may lead to blocking of PDCCH since the PDCCH in the next slot may already be scheduled for other UEs.  The eMBB transmission may end earlier and so this may introduce a delay between the end of the eMBB transmission and the start of the next slot.  Furthermore the UE may not necessarily monitor the next slot for PDCCH, for example, it may be in DRX.  
It should be noted that the pre-emption indicators, such as current indicator or post indicator, need not share the same frequency resources as those used by the eMBB transmission.
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Figure 4: Locations for pre-emption indicator

The pre-emption indicator is agreed to be carried by NR-PDCCH and currently it is FFS whether it is UE specific or group common.  For UE specific pre-emption indicator, all the proposed locations in Figure 4 can be easily implemented and among these locations, we have a preference for post indicator, i.e. Location B in Figure 4.  Once configured, the UE will monitor for the post indicator at the end of every eMBB transmission.
Proposal 2: If the pre-emption indicator is UE specific, the UE is configured to monitor for this pre-emption indicator at the end of the eMBB transmission’s TTI.

The argument for group common pre-emption indicator is that a single URLLC transmission can pre-empt multiple eMBB transmissions and hence it is more efficient to transmit a single indicator for multiple UEs.  Unlike UE-specific indicator which can occur at any location, the group common pre-emption indicator can only occur periodically in a common search space (or group common search space).  Group common NR-PDCCH is defined to carry information such as Slot Format Indicator which occurs at the beginning of the slot but as described, the pre-emption indicator can only be transmitted during or after the URLLC pre-emption and hence we either have a separate group common NR-PDCCH to carry the pre-emption indicator at the end of the slot or use the next slot that carries the SFI to also carry the pre-emption indicator.  Nevertheless, each group common pre-emption indicator would need to indicate a specific range of frequency and time resources where URLLC pre-emption may occur, i.e. a pre-emption resource set.  An example is shown in Figure 5, where we have four group common pre-emption indicators namely Indicator 1, Indicator 2, Indicator 3 and Indicator 4 with their corresponding pre-emption resource sets, Set 1, Set 2, Set 3 and Set 4 respectively.  URLLC 1 transmission occurs within frequency f1 and f2 and time (0 and (1, i.e. within pre-emptive resource Set 1 and hence the presence of URLLC 1 and the resources it occupies are indicated in pre-emption Indicator 1.  URLLC 2 overlaps pre-emptive resource Set 3 and Set 4 and part of its presence are indicated in pre-emption Indicator 3 and remaining parts are indicated in pre-emption Indicator 4.
Proposal 3: If group common pre-emption indicator is used, each group common pre-emption indicator covers a set of resources where it indicates any pre-empted resources that occur within that set.
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Figure 5: Group common pre-emption indicators and corresponding pre-emption resource sets

An eMBB UE needs to know which group common pre-emption indicator(s) it should monitor.  This can either be indicated in the DCI providing the downlink grant for eMBB or the UE monitors the pre-emption indicator if its allocated resources falls into the corresponding pre-emption resource set.  In the latter case, the UE may monitor multiple group common pre-emption indicators if its allocated resources overlap multiple pre-emption resource sets.
Another issue with using a group common pre-emption indicator is the delay between the end of the eMBB transmission and the start of the group common pre-emption indicator.  Note that group common PDCCH would need to be transmitted periodically and this period may not be ideal for all eMBB transmission.  For example in Figure 6, we have a periodically occurring group common pre-emption indicator with a period Ppreempt and two eMBB transmissions to UE1 and UE2 in a pre-emption resource set corresponding to one of these group common pre-emption indicators.  In contrast to UE2, there is a delay of Tdelay between the end of UE1’s eMBB transmission and the start of the group common pre-emption indicator.  If this delay is too long, UE1 may not be able to meet the HARQ timeline.
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Figure 6: Delay between group common pre-emption indicator and end of eMBB transmission

Observation 3: For group common pre-emption indicator the following issues need to be addressed:
· How does the UE determine which group common pre-emption indicator to monitor

· How to handle the delay between the end of an eMBB transmission and the start of the group common pre-emption indicator

2.3 Subsequent Retransmission

In [3], it is proposed that a subsequent retransmission is sent to the UE after the eMBB transmission and before the HARQ ACK feedback, as shown in Figure 7.  We believe this is beneficial especially if it is deemed that the pre-empted resource is too large for the UE to recover the eMBB TB and hence there isn’t any point waiting for a HARQ feedback from the UE.
Observation 4: Subsequent retransmission of pre-empted resources prior to the UE sending HARQ feedback is beneficial especially if the pre-empted resources are too large for the UE to recover the eMBB TB.
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Figure 7: Subsequent retransmission

In order to support subsequent retransmission, the following should be considered:

· The gNB may not be able to schedule a retransmission immediately after the eMBB transmission, i.e. referring to Figure 7, the gNB may have already committed PDSCH and / or PDCCH resources for Slot n+1 and hence be unable to schedule the UE until Slot n+2.  Hence flexibility should be given to the scheduler as to where it can schedule the subsequent retransmission.
· The eMBB UE may not monitor every single slot for PDCCH but rather may be configured to monitor PDCCH periodically especially if it is being configured with DRX.  For example the UE may be in DRX between Slot n+1 till Slot n+4 and only monitor for PDCCH in Slot n+5 and hence may not monitor for PDCCH for a subsequent retransmission.

· The DCI format for the subsequent retransmission may be different to that of regular DL grants and so the UE would need to blind decode for a different DCI format.
Hence, the UE should be made aware of a potential subsequent retransmission and the time period in which this subsequent retransmission may occur.  If the gNB decides not to transmit a subsequent retransmission then the UE should also be made aware of it.  One straightforward way is to indicate in the pre-emption indicator that the UE should monitor for a subsequent retransmission after the eMBB transmission and before the original HARQ feedback time.
Proposal 4: If subsequent retransmission is supported, the pre-emption indicator should also indicate whether the UE should monitor for a subsequent retransmission after the eMBB transmission and before the UE sends the HARQ feedback. 
In [4], it is proposed that the pre-emption indicator would also indicate a delay in transmitting the HARQ feedback.  The rationale for this is that the UE needs to redo the decoding process again.  This is not necessarily required especially if CB based transmission is used where the UE can decode each CB as it arrives and the pre-emption indicator would only affect the CBs that are pre-empted by another downlink transmission (e.g. URLLC), if the pre-emption indicator is within the eMBB TTI. The extra time required to decode / re-decode a few CBs is not likely to be significant in the context of the overall capability of the eMBB UE.   However, if subsequent retransmission is scheduled then the HARQ timeline may be affected and here it makes sense to delay the HARQ feedback.  Since it was agreed that the HARQ feedback time is flexible, the DCI scheduling the subsequent retransmission can indicate a new HARQ feedback time which would override the original HARQ feedback time.

Proposal 5: If subsequent retransmission is scheduled, the DCI scheduling the subsequent retransmission would indicate a new resource (time and frequency) for the HARQ feedback that overrides the resources for the original HARQ feedback.
3.   Conclusion

In this contribution we discuss remaining aspects of using pre-emption indicator for DL multiplexing of eMBB and URLLC.  We observe the following:
Observation 1: eMBB performance is related to the proportion of puncturing that is applied to individual code blocks within the eMBB TB, not the proportion of puncturing that afflicts the TB as a whole.
Observation 2: Using CBG or CB as the granularity of the pre-empted resources in the pre-emption indicator can lead to excessive puncturing of the pre-empted (i.e. eMBB) transmission and does not allow self-repair of the pre-empted transmission.

Observation 3: For group common pre-emption indicator the following issues need to be addressed:

· How does the UE determine which group common pre-emption indicator to monitor

· How to handle the delay between the end of an eMBB transmission and the start of the group common pre-emption indicator

Observation 4: Subsequent retransmission of pre-empted resources prior to the UE sending HARQ feedback is beneficial especially if the pre-empted resources are too large for the UE to recover the eMBB TB.
We propose the following:

Proposal 1: The granularity of the pre-empted resources that is indicated in the pre-emption indicator is a predefined percentage of the resources of the pre-empted transmission.

Proposal 2: If the pre-emption indicator is UE specific, the UE is configured to monitor for this pre-emption indicator at the end of the eMBB transmission’s TTI.
Proposal 3: If group common pre-emption indicator is used, each group common pre-emption indicator covers a set of resources where it indicates any pre-empted resources that occur within that set.

Proposal 4: If subsequent retransmission is supported, the pre-emption indicator should also indicate whether the UE should monitor for a subsequent retransmission after the eMBB transmission and before the UE sends the HARQ feedback. 

Proposal 5: If subsequent retransmission is scheduled, the DCI scheduling the subsequent retransmission would indicate a new resource (time and frequency) for the HARQ feedback that overrides the resources for the original HARQ feedback.
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5. Annex A: Simulation Assumptions

Table 1 shows the simulation assumptions used to simulate the impact of URLLC pre-emption on eMBB.

Table 1 – Simulation assumptions related to URLLC pre-emption of eMBB 

	aspect
	assumptions

	Channel
	ETU 30kmph

	Carrier frequency
	2GHz

	System bandwidth
	10MHz

	Subcarrier spacing
	15kHz

	eMBB channel
	PDSCH (as per LTE)

	PDSCH parameters
	LTE: Turbo (codeblock segmentation based on Z = 6114)

RE mapping: frequency first, time second

	Transport block size
	8000 bits (hence mapped to 2 code blocks)

	Modulation
	QPSK

	Transmission mode
	SFBC 2TX,2RX (TM2)

	Control channel
	2 OFDM symbols occupied by PDCCH. PDCCH not simulated

	URLLC puncturing behaviour
	URLLC punctures PDSCH data REs, but not PDSCH-related RS.

	Channel estimation
	MMSE
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