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In previous RAN1 meetings, multiple agreements on pre-emption indication for DL multiplexing of URLLC and eMBB were achieved:
	Agreements:
· 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

Agreements:
· 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

Agreements:
1. No new physical channel specific for indication of DL resources being preempted by another DL transmission is introduced 
0. FFS whether the indication is based on NR-PDCCH or a group common PDCCH
0. FFS location of the indication
0. FFS timing of the indication




In this contribution, we provide further considerations on indication design details. Pre-emption indication switch, indication position and indication content are discussed.
Discussion
Pre-emption indication switch
As discussed in the previous meetings, it has been shown that after URLLC pre-emption, indication improves eMBB decoding performance significantly. However, it is also agreed that eMBB and URLLC coexistence is also supported without pre-emption. As a result, the network should be able to switch on and off the pre-emption indication for eMBB UEs. At least for the following cases, the pre-emption indication shall be switched off:
1. When DL dynamic resources sharing between eMBB and URLLC is supported without pre-emption, indication is not configured for eMBB UE.
2. When there is no URLLC access in the network, indication is not configured for eMBB UE.
3. When a certain sub-band is not configured for URLLC transmission, indication is not configured for eMBB UE.
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Figure 1 Examples for indication switch (upper: sub-band dependent; lower: time dependent)
The indication can be switched on and off implicitly or explicitly, as shown in Figure 1. For example, when an eMBB UE is scheduled in a sub-band where no pre-emption would occur, the indication is switched off automatically. When an eMBB UE is scheduled in a sub-band where pre-emption would occur, the indication is switched on automatically. On the other hand, even when an eMBB UE is scheduled in a sub-band where pre-emption would occur, however there is no URLLC UE access for a period of time, indication can still be switched off via dynamic/semi-static signaling. Indication can be switched on again via signaling when there is URLLC UE access, meaning that pre-emption may occur at any TTI.
Proposal 1: Signaling is provided to the eMBB UEs whether they need to monitor pre-emption indication or not. FFS signaling is semi-static or dynamic.
Benefits of the indication before A/N design
Indication is signaled to the eMBB UE to clear the URLLC interference in eMBB UE’s data buffer. Sending indication consists of time/frequency information before each pre-empted eMBB TB’s A/N can help the UE to remove the significant interference caused by URLLC traffic, therefore increasing the received SINR of that impacted transmission, and the likelihood of successful decoding of the impacted transmission can be increased. If indication is sent after A/N, indication cannot help UE increase the likelihood of successful decoding of the impacted transmission. 
Link level simulation results in Figure 2(a) and Figure 2(b) show the benefit of sending indication before initial transmission’s A/N. In the LLS, URLLC packet size is 32 byte with 2 OS length @ 15 kHz. URLLC average arrival rate is 1 packet/ms. Figure 2(a) shows the initial BLER difference between indication before A/N and after A/N. It can be seen that the initial BLER dropped almost by half when indication is sent before A/N. Figure 2(b) shows the throughput gain of indication before A/N over indication after A/N. At least 27%~36% throughput gain is observed. The throughput gain shown in Figure 2(b) is directly related to the initial BLER difference shown in Figure 2(a). At 0 dB SNR, initial BLER difference is most significant and the highest throughput gain is observed at 0dB SNR.
[image: ] [image: ]
	(a) Initial BLER difference	(b) Throughput gain
Figure 2 Indication before A/N benefits the initial transmission
In Figure 3, we show the percentage of UEs in a macro cell with SNR below 5 dB, which is the case when indication consisting of time/frequency information before A/N can be helpful. The figure is derived from system simulation with uniform UE dropping. It can be seen that the percentage of UEs with SNR below 5 dB is around 40%, meaning that around 40% UEs of a cell can be benefited if indication is sent before A/N.
Observation 1: Sending indication before A/N provides higher successful decoding probability for pre-empted eMBB data, with throughput gain above 25%. About 40% UEs of a cell can be benefitted by indication before A/N.
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Figure 3 CDF of UE SNR distribution in a macro cell
[bookmark: OLE_LINK16]In addition, if the indication is sent after A/N, the eMBB UE will process the received signal like a normal signal. The URLLC signal would be involved into the soft buffer of eMBB UE. If the impacted transmission is initial transmission, the pollution caused by URLLC’s preemption could be removed from the soft buffer after the indication has been received. However, if the impacted transmission is a re-transmission, all transmissions of the same TB before the impacted transmission would be polluted. The eMBB UE would lose all information of the data which are underlined by the indication. Even though another re-transmission could be scheduled, the reliability of these data would be degraded.
Observation 2: In the case that the impacted eMBB transmission is a re-transmission, all transmissions of the same TB before the impacted transmission would be polluted if the indication is sent after A/N.
Using indication to assist UE decoding may cause UE to initiate another attempt to decode the data which has been failed. One concern is that the new attempt of decoding would make the UE difficult to keep the original HARQ timeline. Firstly, sending indication before A/N does not mean the indication must be used by the UE to perform another attempt of decoding. It is up to UE decision whether to use it or not, depending on the SNR, number of symbols pre-empted, as well as HARQ timeline. For example, when the UE is in high SNR region with high code rate, UE would know for 100% that initial decoding would fail even if indication is used. Or, when the UE is in low SNR region while over 50% of the resources are preempted, the UE would also know that initial decoding would fail. As a result, indication before A/N only provides an opportunity for UE to enhance decoding performance, but it does not imply that the indication is always used in the decoding process. Whether it is used or not is an implementation issue. Secondly, as the HARQ timeline can be configured by the network, it is always possible to have a relaxed timeline.
Proposal 2: Indication consisting of time/frequency pre-empting information of the impacted TB can be signaled to the UE before A/N. Detailed granularity of the time/frequency pre-empting information is FFS.
In addition, indication should be protected and not be pre-empted by URLLC traffic. We propose:
Proposal 3: Indication should not be pre-empted by another downlink transmission.
Indication content
Indication is to let the UE know which portion of the original transmission has been polluted. If the indication is to notify the UE which CB or CBG are polluted, it is not possible for the UE to recover the original TB with indication and the impacted TB, as the entire CB or CBG of the original TB will be flushed. All the benefits shown for indication before A/N in previous sections cannot be achieved. The original transmitted TB has to be recovered until successful decoding of a subsequent transmission containing the information of the polluted CB or CBG. In addition, if indication contains CB or CBG information, the number of indication bits may be dynamic, as the number of CB or CBG in each TB is very dynamic. For example, sometimes the TB only consists of 1 CB or 1 CBG, but sometimes the TB would consist of 10s of CBs, or 4 CBGs. In addition, when a UE is in MIMO mode receiving 2 TBs over multiple layers, the number of CBs/CBGs in each TB may be vary as well. A lot of options would be needed on the number of bits used for indication carrying CB/CBG information. It is also noted that if indication carries CB or CBG information, it has to be UE-specific.
Observation 3: If indication carries CB or CBG information, the original transmitted TB cannot be recovered with indication and the impacted TB.
If indication notifies the time-frequency resources polluted by URLLC, UE may be able to recover the polluted TB with indication and the impacted TB, especially in low SNR region, according to the results shown in Figure 2~Figure 3. In order to achieve the benefits of indication, time-frequency information should be carried by the pre-emption indication.
Observation 4: If indication carries time/frequency information, the original transmitted TB can be recovered with indication and the impacted TB.
The time domain information can be related to the time domain granularity of the URLLC traffic. For example, if slot based URLLC is being used, the time domain granularity is slot level. If mini-slot based URLLC is used, the granularity is mini-slot level, e.g., 2OS. Frequency domain information can also be considered. However, the number of bits used for frequency domain information shall be limited. Since URLLC’s TTI is very short and it requires high reliability, it is likely that URLLC traffic would often occupy a large portion of the BW. Figure 4 shows the occupied bandwidth by one URLLC transmission, assuming 7-symbol slot, 60kHz SCS with 99.999% reliability. It can be seen that even at SNR as high as 15dB, around 2MHz bandwidth is used by URLLC. When SNR is medium to low, around 10MHz bandwidth is used. As a result, it is not necessary to use RB level granularity in frequency domain. RBG or sub-carrier granularity can be used.
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Figure 4 Occupied bandwidth by one URLLC transmission achieving 99.999% reliability
Indication containing time-frequency domain information can be either group common or UE-specific. If it is group common, it can be carried via group common NR-PDCCH and UE can derive its own preempted portion via the group common indication together with its own resource allocation information. If it is UE-specific, it can be carried via UE-specific NR-PDCCH. No new channel structure is needed. In both cases, indication can also be used to notify eMBB UE the amount of resources sent in a supplementary transmission [2]. Supplementary transmission only carries the information related to the indication and it can be sent before A/N, further improving the decoding of the impacted TB when SNR is medium to high.
Detailed designs for indication
Currently, there are some proposals for before-A/N indication:
1. Multiple indications during the eMBB scheduling interval
2. One indication at the end of eMBB scheduling interval
3. One indication after eMBB scheduling interval, e.g., in the next slot/interval.
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Figure 5 Illustration of indication position candidates
In Figure 5, we show examples when eMBB TB is scheduled over one TTI and URLLC traffic spans a portion of the TTI. Note that eMBB Scheduling interval can span one slot or aggregation of slots and URLLC scheduling interval can span mini-slot(s) or a slot, based on same or different numerology. 
For option 1, sending indication at multiple locations, e.g., every n symbols, during the eMBB interval, would be helpful for pipe-line decoding, when the eMBB UE needs to decode symbol(s)-by-symbol(s). When an indication is detected, eMBB UE can clear the polluted portion of the symbol directly before decoding. However, it increases the blind detection attempts for the eMBB UE within a TTI, even when the TB is not pre-empted by any URLLC traffic. The multiple indications method may use a control channel sub-band or it may be sent within eMBB UE’s own resource region. For both design options, a dedicated search space for the indication needs to be designed from the beginning. Since indication is very important for eMBB UE decoding, the resources used by indication cannot be pre-empted by any URLLC traffic. Multiple NR-PDCCHs within an eMBB transmission interval are needed. 
Observation 5: Multiple indications during the eMBB interval can be useful for clearing eMBB buffer and/or on-the-fly decoding, however it requires more than one blind detection attempt by an eMBB UE. Multiple NR-PDCCHs are needed with an eMBB transmission interval. 
NR-PDCCH may exist at the last symbol of the TTI, shown in option 2. In such case, if the NR-PDCCH is UE-specific, then it would be in the form of a 2nd stage DCI. Otherwise, a new group common NR-PDCCH at the end can be introduced for the purpose of indication. In either way, it may not be desirable to take the resource from eMBB data directly. Indication may or may not exist for each transmission. If indication is transmitted, it needs to occupy eMBB data resource in another ‘preemption’ way, as it is not possible for the network redo the eMBB data resource mapping in such a short time. UE can blind detect the existence of the indication, therefore handle the ‘indication’ pollution automatically. In addition, as indication should not be pre-empted by URLLC traffic, putting indication near the end means that URLLC would not pre-empt the last symbol of the eMBB data. NR-PDCCH in an non-orthogonal way may alleviate the issues mentioned above and it is described in detail in sub-section 2.4.1.
For option 3, it may fully reuse the current NR-PDCCH structure, either UE-specific or group common. Reusing the eMBB control region is beneficial, as eMBB UE can obtain indication information while it is monitoring DCI. Since eMBB UE needs to detect DCI every slot, no extra blind detection is needed to detect the indication. Smaller standardization impact is expected. 
Detailed design for indication at the end of the TTI
Indication of preempted eMBB resources can be transmitted at the end of each eMBB scheduling interval in which URLLC preempts eMBB resources. Figure 6 shows examples with Pre-emption Indication (PI) transmitted in a DCI in the last OFDM symbol of the eMBB scheduling interval. Figure 6 (a) shows a PI DCI transmitted in a UE-specific PDCCH; Figure 6 (b) shows a PI DCI transmitted in a common PDCCH.
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[bookmark: _Ref480542467]Figure 6 Pre-emption indication at the end of the TTI. 
(a) PI DCI in a UE-specific PDCCH; (b) PI DCI in a common PDCCH.
The PI DCI and the eMBB TBs transmitted in the same scheduling interval are independently encoded, then they are multiplexed. Figure 7 shows examples of two multiplexing solutions – orthogonal multiplexing and non-orthogonal multiplexing. 
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[bookmark: _Ref480544665][bookmark: _Ref480544661]Figure 7 Multiplexing of pre-emption indication. (a) Orthogonal; (b) Non-orthogonal.

When the PI DCI and eMBB data are orthogonally multiplexed, two multiplexing options are possible:
1. The eMBB codewords are rate-matched around the PI DCI resources;
2. The eMBB codewords are rate-matched assuming no PI DCI. eMBB data in the resources used for PI DCI transmission is skipped.
In both cases, the eMBB transmission – which has been already partially preempted in previous OFDM symbols – suffers a further preemption in the last OFDM symbol due to PI DCI transmission. That preemption further decreases the chances that the eMBB TB is correctly decoded. 
For orthogonal multiplexing solution shown in Figure 7 (a), reserved resource for PI DCI is allocated in the last symbol and it is known to all UEs in a cell especially when it is a group common DCI. In such case, UE can have two hypotheses on the reserved resources: it is containing eMBB data or it is containing indication. If no URLLC traffic preempts the eMBB TTI, then no indication is sent and the second hypothesis would fail. UE may assume the first hypothesis is valid and consider the reserved resource is used by eMBB data. This maximizes the resource utilization even though reserved resource has been allocated for preemption indication.
Superposition of PI DCI over eMBB resources as shown in Figure 7 (b) avoids further preemption of eMBB PDSCH resources, as the resources used for PI DCI transmission are shared with the eMBB data. The chances that the eMBB TB is correctly decoded are higher than with orthogonal multiplexing.
Superposition of PI DCI is performed according to the scheme described in [3]. The PI DCI can be blindly decoded in the same way as for the DCIs transmitted in the beginning of the TTI.
After successful blind decoding of PI DCI, URLLC interference in the preempted resources and the PI DCI signal are removed, then eMBB TB decoding is attempted.
Observation 6: When the indication is at the end of the TTI, PI superposition over PDSCH resources or reserved orthogonal resources avoid further pre-emption of eMBB PDSCH resources by PI DCI transmission.
Detailed design for indication at the NR-PDCCH of next slot
Common NR-PDCCH design
Since URLLC requires ultra-high reliability, and short TTI duration is applied achieve low latency requirement, the amount of RBs used by URLLC traffic is in general significant. Figure 4 shows the occupied bandwidth by one URLLC transmission, assuming 7-symbol slot, 60kHz SCS with 99.999% reliability. It can be seen that even at SNR as high as 15dB, around 2MHz bandwidth is used by URLLC. When SNR is medium to low, around 10MHz bandwidth is used. As a result, the bandwidth of URLLC transmission is at the level of multiple MHz. Multiple eMBB TBs within one sub-carrier or even across multiple sub-carriers may be impacted by a single URLLC pre-emption event. In that case, a common pre-emption information may be notified to the UEs, instead of separate signaling to each UE. On the other hand, if pre-emption pattern is sparse, then UE specific pre-emption information may be more desirable, as common pre-emption information with a coarse granularity may sacrifice performance and/or spectral efficiency.
For the common PDCCH design, the content of the indication can be common to a group of UEs or a field in the common PDCCH can be configured for each UE. eMBB UEs can be configured to monitor the group PDCCH containing pre-emption indication. In one example, group PDCCH transmitted in a slot can provide pre-emption information of a previous slot. Group PDCCH can also be introduced without increasing UE blind detection attempts, as long as no additional payload size of the group PDCCH is introduced.
Observation 7: Group-PDCCH can be efficient if multiple eMBB transmissions are impacted by few pre-emption events. It can be designed without increasing blind detection attempts.
UE specific PDCCH design
For UE specific PDCCH design, it is incorporated into a UE specific DCI. In this case, in order not to increase UE’s blind detection attempts, re-interpretation of a regular DCI is needed to fill in the indication information without introducing new payload size of the NR-PDCCH. Some existing fields of a regular DCI can be re-used. Which fields can be reused can be further discussed. It is also possible to send the indication along with sub-sequent transmission, as discussed in the companion paper [4]. 
Observation 8: Incorporating indication into UE specific DCI by reusing some of existing fields will not increase blind detection attempts.

Conclusion
In this contribution, the detailed design of indication is discussed, including indication switch, indication location and indication content. We have following observations:
Observation 1: Sending indication before A/N provides higher successful decoding probability for pre-empted eMBB data, with throughput gain above 25%. About 40% UEs of a cell can be benefitted by indication before A/N.
Observation 2: In the case that the impacted eMBB transmission is a re-transmission, all transmissions of the same TB before the impacted transmission would be polluted if the indication is sent after A/N.
Observation 3: If indication carries CB or CBG information, the original transmitted TB cannot be recovered with indication and the impacted TB.
Observation 4: If indication carries time/frequency information, the original transmitted TB can be recovered with indication and the impacted TB.
Observation 5: Multiple indications during the eMBB interval can be useful for clearing eMBB buffer and/or on-the-fly decoding, however it requires more than one blind detection attempt by an eMBB UE. Multiple NR-PDCCHs are needed with an eMBB transmission interval. 
Observation 6: When the indication is at the end of the TTI, PI superposition over PDSCH resources or reserved orthogonal resources avoids further pre-emption of eMBB PDSCH resources by PI DCI transmission.
Observation 7: Group-PDCCH can be efficient if multiple eMBB transmissions are impacted by few pre-emption events. It can be designed without increasing blind detection attempts.
Observation 8: Incorporating indication into UE specific DCI by reusing some of existing fields will not increase blind detection attempts.
In order to help eMBB UE’s decoding of the pre-empted TB while minimize the blind detection attempts caused by the introduction of indication, we have the following proposals:

Proposal 1: Signaling is provided to the eMBB UEs whether they need to monitor pre-emption indication or not. FFS signaling is semi-static or dynamic.
Proposal 2: Indication consisting of time/frequency pre-empting information of the impacted TB can be signaled to the UE before A/N. Detailed granularity of the time/frequency pre-empting information is FFS.
Proposal 3: Indication should not be pre-empted by another downlink transmission.
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