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1. Introduction
In this contribution, we discuss resource sharing between DL data and control channels for improvement of spectral efficiency for NR. Note that similar issue is under discussion in LTE shorten-TTI, and our views for LTE sTTI are provided in [1].
2. Resource sharing between DL data and control channels
2.1. Slot-level data scheduling
To improve spectral efficiency, resource sharing between DL data and control channels is promising. In LTE, the OFDM symbols in a PRB are clearly divided into two time-domain regions; one is for DL control channels (PDCCH/PCFICH/PHICH), and the other is for PDSCH, except for e.g. EPDCCH. For LTE, PCFICH controls the number of OFDM symbols for DL control channels such that the amount of resources for DL control and DL data can be adapted. For NR, mechanisms to share the resources between control and data efficiently is desirable to achieve better spectral efficiency.
Simple approach is that the scheduled PDSCH is not mapped at the control resource set configured for the scheduled UE. Either rate-matching or puncturing is applicable. Assuming that the control resource set can be large in some cases, rate-matching would be feasible. However, in this case, if the control resource set occupies a large amount of resources within the slot while actual resource utilization of the control resource set is not high, the resource utilization efficiency is not good enough. Another approach is that the scheduled PDSCH is mapped within the control resource set configured for the UE. There are DCIs for other UEs in the control resource set. As long as CRC of DCI is scrambled with the C-RNTI, the scheduled UE cannot identify where the DCIs for other UEs are. Therefore, the PDSCH resources of the DCIs for other UEs need to be punctured in UE transparent manner, which could degrade overall performance.
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Fig. 1	Control resource set-level and DCI-level resource shasing.
There can be multiple control resource sets in a slot. As long as these control resource sets are configured for the scheduled UE (or known by the UE), the issue is exactly same as the case of single control resource set. However, there is control resource set(s) which is unknown to the scheduled UE, the PDSCH resources of the control resource set(s) unknown to the UE need to be punctured in UE transparent manner, which could degrade overall performance.
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Fig. 2	Multiple control resource sets in the slot.
Above rate-matching or puncturing in control resource set-level or DCI-level can be considered as implicit approach. At the last RAN1 AH meeting, it was agreed that the starting position of downlink data in a slot can be explicitly and dynamically indicated to the UE. Combining these two methods, following can be realized:
· For overlapping between the control resource set(s) known to the UE scheduled with a PDSCH and the scheduled PDSCH, rate-matching or puncturing around the control resource set(s) are applied.
· Overlapping between the control resource set(s) unknown to the UE is avoided by using the explicit and dynamic indication of the starting position of downlink data.
For slot-level scheduling, the scheduled data spans over up to 14 OFDM symbols, and the control resource set spans, e.g., up to 3 OFDM symbols. As the overhead of control resource set is not much significant, such control resource set-level resource sharing could work well.
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Fig. 3	Possible resource sharing between control and data in a slot.
Proposal 1:
· For slot-level data scheduling, consider resource sharing between control and data in explicit and/or implicit approaches.
· Following can be a starting point:
· For overlapping between the control resource set(s) known to the UE scheduled with a PDSCH and the scheduled PDSCH, rate-matching or puncturing around the control resource set(s) are applied.
· Overlapping between the control resource set(s) unknown to the UE is avoided by using the explicit and dynamic indication of the starting position of downlink data.

2.2. Mini-slot-level data scheduling
In case of mini-slot-level data scheduling, the issue is more pronounced. Especially for low latency operation, PDCCH monitoring should be done more frequently, e.g., per mini-slot, to realize fast scheduling. In this case, PDCCH and PDSCH are multiplexed within a quite limited time duration, e.g., per 2 symbols, and hence the control channel overhead reduction becomes quite essential. For this case, DCI-level resource sharing should be considered. 
Implicit approach
The implicit approach makes use of the fact that the UE can detect own DCI by CRC check. The PDCCH scheduling a PDSCH can be embedded in the scheduled resources of the PDSCH since the target UE is the same between the PDCCH and the PDSCH (Fig. 1 (a)). The resources not scheduled for any PDSCH can also be used to transmit PDCCHs (Fig. 1 (b)). UL grant can be mapped if the PDCCH resource is occupied by the PDSCH scheduled to the UE for which the UL grant is mapped, or if the PDCCH resource is not occupied by any PDSCH (Fig. 1 (c)).
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(a)					(b)					(c)
Fig. 1	Implicit approach for resource sharing.

The problem of the above approach is its scheduler restriction. In general, scheduler should prioritize scheduling data over control; control scheduling should be done afterwards such that the scheduled data is/are properly delivered. However, in the above scheme, data scheduling cannot be done sorely, since it is based on the consequence of control scheduling. 
Transmission of DCI(s) not targeting the overlapping PDSCH (e.g., UL grant for UEs not scheduled with PDSCH) is also problematic. If the DCI(s) not targeting the overlapping PDSCH is/are actually transmitted, the performance of PDSCH is significantly degraded since the UE cannot be aware of the presence of DCI(s). In order to enable this, eNB scheduler should puncture the resources of PDSCH overlapped by the DCI(s), and should reduce coding rate of the PDSCH such that the overlapping DCI(s) can be acceptable to decode the PDSCH. 

In order to alleviate the scheduler restriction, having some additional rules are useful:
· Rule 0: UEs are assumed to share PDCCH candidates (or assumed to share PDCCH search space).
· Rule 1: If a DL grant is not overlapped with its scheduling PDSCH, the UE assumes all the PDCCH candidates overlapped with the scheduled PDSCH resources are not occupied by the PDCCH, and the scheduled PDSCH spans over the whole resources.
· Rule 2: Otherwise if a DL grant is overlapped with its scheduling PDSCH, the UE assumes all the PDCCH candidates overlapped with the scheduled PDSCH resources are occupied by PDCCH, and the scheduled PDSCH will be punctured at around the PDCCH candidates overlapped with the PDSCH (see Fig. 2).
With the rules 1 and 2, flexibility in scheduling control and data can be improved. Nertheless, the original benefit of implicit approach is still kept unchanged.
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Fig. 2	Improved implicit approach for resource sharing.

With the improved implicit approach, all the PDCCH candidates in the scheduled PDSCH resources are assumed to be occupied by the PDCCHs, and these resources in the PDSCH are punctured. Therefore, the overhead of PDCCH for the scheduled PDSCH would be large especially if the scheduled PDSCH and its scheduling DL grant are overlapped. In order to alleviate this, rule 2 can be replaced by the following rule 2’:
· Rule 2’: Otherwise if a DL grant is overlapped with its scheduling PDSCH, the UE assumes the PDCCH candidates satisfying a particular condition overlapped with the scheduled PDSCH resources are occupied by PDCCH, and the scheduled PDSCH will be punctured at around the PDCCH candidates satisfying the particular condition overlapped with the PDSCH (see Fig. 3).
· The condition: PDCCH candidate index lower than a certain threshold.
With this way, not all PDCCH candidates of a given PDSCH resources are punctured and hence, PDSCH performance can be improved. gNB can control how much puncturing for PDCCH candidates is desirable if it is possible to schedule control and data jointly.
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Fig. 3	Further improved implicit approach for resource sharing.

Explicit approach
gNB tells the scheduled UE by L1 signalling about which PDCCH candidates overlapped with the scheduled PDSCH are punctured as shown in Fig.4 (a). Instead of puncturing, rate-matching may be applicable. If the time budget for UE processing time is limited, e.g. for URLLC, puncturing would be better choice. However, in order to enable flexibility/efficiency achieved in improved or further improved implicit approach, larger L1 overhead increase may be unavoidable. To reduce L1 overhead, PDCCH candidates group or resource group based approach in Figs.4 (b) and (c) can considered. With those approaches, the size of bitmap can be reduced at the cost of scheduling flexibility/efficiency.
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(a)					(b)					(c)
Fig. 4	Explicit approach for resource sharing.

Another one approach is to schedule PDSCH using the same resource unit with PDCCH, i.e. PDSCH is scheduled over CCE(s). In PDCCH, a bitmap indicates which CCE(s) the PDSCH is scheduled, instead of indicating resource block(s) as shown in Fig. 5 (a). To reduce the size of the bitmap, some scheduling restriction for PDSCH can be introduced, e.g. wider CCE granularity as in Fig.5 (b) and/or PDSCH is only mapped to the UE-specific search space (if supported) as shown in Fig. 5 (c). This approach is beneficial especially for mini-slot since the total number of CCEs within time and frequency resources of a mini-slot may not be too large.
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(b)
[image: ]
(c)
Fig. 5	PDSCH assignment over CCE

Proposal 2:
· For mini-slot-level scheduling, further efficient resource sharing between PDCCH and PDSCH should be considered.
· DCI-level resource sharing should be investigated.
· DCI-level resource sharing can done by either implicit way or explicit way.
· Implicit approach or further implicit approach could achieve flexibility in control/data scheduling and efficiency of resource utilization.
· In case of explicit approach, L1 signalling overhead increase should be taken into account.

3. Conclusion
In this contribution, we discussed resource sharing between PDCCH and PDSCH for NR and proposed following:
Proposal 1:
· For slot-level data scheduling, consider resource sharing between control and data in explicit and/or implicit approaches.
· Following can be a starting point:
· For overlapping between the control resource set(s) known to the UE scheduled with a PDSCH and the scheduled PDSCH, rate-matching or puncturing around the control resource set(s) are applied.
· Overlapping between the control resource set(s) unknown to the UE is avoided by using the explicit and dynamic indication of the starting position of downlink data.
Proposal 2:
· For mini-slot-level scheduling, further efficient resource sharing between PDCCH and PDSCH should be considered.
· DCI-level resource sharing should be investigated.
· DCI-level resource sharing can done by either implicit way or explicit way.
· Implicit approach or further implicit approach could achieve flexibility in control/data scheduling and efficiency of resource utilization.
· In case of explicit approach, L1 signalling overhead increase should be taken into account.
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