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1 Introduction

This contribution discusses the data multiplexing possibilities in the control region for NR. 3GPP has already made an agreement to multiplex data over the control resources. Following relevant agreements have been achieved in the previous 3GPP RAN1 meetings for this topic. 

Agreements: (RAN1 #87)

· NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain

· FFS if resource reuse can be done in time domain as well

· FFS: DL data DM-RS location in time should not vary dynamically as a consequence of dynamic reuse of control resources for data

· FFS: time/frequency granularity of the resource reuse

· FFS: signaling needed, if any

Agreements: (RAN1 NR-AH1)

· The staring position of downlink data in a slot can be explicitly and dynamically indicated to the UE.

· FFS: signaled in the UE-specific DCI and/or a ‘group-common PDCCH’

· FFS: how and with what granularity the unused control resource set(s) can be used for data

Agreements: (RAN1 #88bis)

· The duration of a data transmission in a data channel can be semi-statically configured and/or dynamically indicated in the PDCCH scheduling the data transmission
· FFS: the starting/ending position of the data transmission
· FFS: the indicated duration is the number of symbols

· FFS: the indicated duration is the number of slots

· FFS: the indicated duration is the numbers of symbols + slots

· FFS: in case cross-slot scheduling is used
· FFS: in case slot aggregation is used

· FFS: rate-matching details

· FFS: whether/how to specify UE behavior when the duration of a data transmission in a data channel for the UE is unknown

2 CORESET Level Re-use of control resources for Data 

The first level of sharing occurs when the gNB configures the start of the data resources for a user within the control region but configures this reuse only when all the PRBs allocated to this user can be time extended into the control region without any overlap to any of the configured CORESETs.

The next level of sharing of control resources can be achieved when the gNB configures the PRBs for a UE starting from a certain OFDM symbol where this PDSCH allocated region overlaps with one or more CORESETs known to the UE. With the knowledge of the CORESETs’ resource allocations, the UE can perfectly determine the time-frequency resources in the control region which would carry its data.

Figure 1 shows an example where these two levels of control resource sharing are illustrated. Figure (a) on the left-hand side shows the conventional setting. The slot consists of the control region in the beginning followed by data region. The control region consists of a common CORESET and three other CORESETs. There are three users configured and scheduled through CORESET 1, denoted as UE 1.1, 1.2 and 1.3. CORESET 2 schedules UE 2.1. No users from the CORESET 3 are scheduled in this slot. In the conventional scheduling scenario of case (a) the gNB has scheduled the users in the data region only. 

Figure (b) shows the first level of reuse of control resources for data where the gNB indicates the first data symbol of the users which is the first symbol where its PRBs have no overlap with any CORESET. This shows that UE 1.1 and UE 2.1 gain 1 symbol time of resources corresponding to their assigned PRBs. Still in the time-frequency grid, there is considerable resource waste in the control region. The resources gained with this step have been horizontally shaded.

Figure (c) shows the case where the gNB configures the users with data starting at OFDM symbol where they can have overlap with any known CORESET. The gNB can choose to do puncturing or rate-matching around these CORESETs. UE 1.2 is configured by the gNB to receive PDSCH from the 1st symbol of the slot. Its allocated PRBs overlap with its COREST 1 so it successfully takes only the resource elements where its data is transmitted after leaving the resources of CORESET1. Similarly, UE 1.3 has been allocated PRBs which overlap in frequency with regions of CORESET1 and the common CORESET which is known to all users in the cell. The gNB has configured the PDSCH of UE 1.3 from the first symbol of the slot. So, UE 1.3 would leave out the resources occupied by CORESET1 and common CORESET and the rest of the resource elements carry its data. The resources gained by both UE 1.2 and 1.3 in this step have been vertically shaded.

The most interesting part for the above described CORESET level sharing of control resources for data transmission is the fact that apart from indication of the start symbol for the data (which has been agreed on by 3GPP) no additional signaling is required from the network.
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Figure 1: CORESET Level Sharing of control resources for data

Figure 2 is basically an extension of Figure 1. It shows two additional settings. In Figure (a), it is assumed that CORESET 3 is either a group common CORESET known at least to UEs 1.1 and 2.1 or the gNB has informed at least these users about the resource allocation of this CORESET. Under that assumption, the gNB can configure the PDSCH start symbol of UE 1.1 and UE 2.1 as the first symbol of the slot while applying puncturing or rate-matching around CORESET 3 for the data of UE 1.1 and puncturing/rate-matching around CORESET 2 and 3 for the data of UE 2.1. The squared patterned PDSCH region shows the additional PDSCH resources becoming available with this enhancement. 

Proposal 1: The gNB enables CORESET level data multiplexing for a user when there is no CORESET mapped on the PRBs allocated to a UE or if the UE knows these CORESETs resource allocation.

If CORESET 3 is not configured or it happens to be carrying no information during this slot, the gNB can configure the PDSCH of these UEs 1.1 and 2.1 from the first symbol of the slot without requiring rate-matching around CORESET 3. This additional PDSCH resource extension is shown as crossed patterned region.
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Figure 2: Enhanced CORESET level data reuse.

3 Enhanced CORESET Level Data Multiplexing and Signalling

Figure 2 has shown that the knowledge of CORESETs at the users may enable more aggressive reuse of control resources for data. Unfortunately, normally each user would know only the CORESETs for which it is configured. Informing all users about all the active CORESETs’ locations (time and frequency regions) would increase the signaling load significantly. Each user would then need to be informed separately about the CORESETs where it may have control information plus the other users CORESETs just to enable data multiplexing over the control resources.

The signaling requirements can be reduced by providing some of the relevant information only to the user whose data is being scheduled in the control region in overlap with the CORESET of other users. This is explained in reference to Figure 3: Enhancement of Control Resource usage with limited signaling, for ease of exposition only a single user is shown to be scheduled. 
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Figure 3: Enhancement of Control Resource usage with limited signalling

Figure (a) shows the classic split of control and data. If the gNB allows data resource allocation around known CORESETs, we get Figure (b). This is achievable by indicating the start symbol to be the 2nd symbol of the slot. UE knows the CORESET 1 and the common CORESET around which the gNB has rate matched its data. Thus, both have the common understanding where PDSCH data is scheduled. The gNB cannot start this user’s data from the first symbol as CORESET 2 is unknown to this UE. Use of resources from the first symbol as shown in Figure (c) would require the gNB signaling the region of CORESET 2 to this UE. This would increase the signaling overhead. Spectral efficiency close to this case can be realized by adopting a rule that the gNB would only allow a single irregularity in the allocated resource rectangle other than made by known CORESETs. This scenario is shown in Figure (d). Thus, the gNB can inform this UE about the PRB position where CORESET 2 ends. To be able to use the resources properly, the UE must acquire knowledge of the time duration of the unknown CORESET in addition to its position in frequency. As the CORESET can only be configured for 1, 2 or 3 symbols in time, this information can be communicated easily with 1 or 2 bits of information. The CORESET time duration can be indicated relative to the first symbol of the slot or the PDSCH start symbol of the user who is being configured to use these resources. 
Proposal 2: The gNB enables enhanced CORESET level data multiplexing for a user around unknown CORESET by sending limited information about the boundary of this unknown CORESET. 

4 DCI or CCE Level Data Multiplexing
In the previous section, the discussion was on using the resources in the control region at CORESET level. Inside a CORESET, CCEs for one or more users can be multiplexed. Depending upon unused time-frequency resources inside a CORESET, the ideas presented in the last section can be extended to users’ data multiplexing inside CORESETs. When for a user’s allocated PRBs, these PRBs are free on one or multiple OFDM symbols inside the CORESET, the gNB can enable data multiplexing just by configuring the start of the data inside the CORESET. On next level of multiplexing, if there happen to be CCEs of only the relevant user on its allocated PRBs, the gNB can still schedule this user inside its CORESET. As the user knows perfectly its CCE locations, it knows which of the resource elements in the CORESET are occupied by its CCEs and the rest would be used for its data. Going one step further, when there are CCEs for more than one user inside a CORESET and one of these users has been allocated PRBs which overlap with this CORESET, the gNB can indicate the boundary of the unknown CCEs to this user to enable data multiplexing inside the CORESET.

Proposal 3: The gNB enables CCE level data multiplexing inside a CORESET based upon the criterion if UE knows CCE locations or not. In case of unknown CCEs, the gNB can signal the boundary PRB (REG) of unknown CCEs.
5 Conclusion
In this contribution, the following proposal have been put forward:
Proposal 1: The gNB enables CORESET level data multiplexing for a user when there is no CORESET mapped on the PRBs allocated to a UE or if the UE knows these CORESETs resource allocation.
Proposal 2: The gNB enables enhanced CORESET level data multiplexing for a user around unknown CORESET by sending limited information about the boundary of this unknown CORESET. 
Proposal 3: The gNB enables CCE level data multiplexing inside a CORESET based upon the criterion if UE knows CCE locations or not. In case of unknown CCEs, the gNB can signal the boundary PRB (REG) of unknown CCEs.
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