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1 Introduction
In previous RAN1 meetings, the followings were agreed on the NR-PDCCH design [1, 2].
Agreements:
· 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:
· 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
This contribution considers the FFS issues and further aspects related to the reuse of parts of control resource sets for data transmission.
2 Resource sharing between NR-PDCCH and PDSCH
Resource sharing between control and data transmissions helps to improve the spectral utilization efficiency. In LTE, due to the REG structure and interleaving, unused resources in the control region cannot be used for data transmission. Control-data resource sharing is also currently under discussion in the LTE sTTI WI. 
2.1 Scenarios for resource sharing between control and data
This section considers scenarios for resource sharing between control and data transmissions and trade-offs between resource utilization efficiency and overhead due to additional signalling.
2.1.1 Scenario #1: Resource sharing with CORESET-level/DCI-level
In NR, a control resource set (CORESET) can be configured over a set of RBs in the frequency domain and a number of OFDM symbols in the time domain. Remaining time/frequency resources except ones for CORESETs can be used for data transmission. Therefore, multiplexing between data and control basically follows the hybrid TMD/FDM structure. 
Figure 1 shows two examples of multiplexing between control and data according to a level of resource sharing. In the left figure, data is multiplexed with control only in the region outside the CORESET (CORESET-level resource sharing). In CORESET-level resource sharing, when data is scheduled in same frequency resources with a CORESET, the data starting position is always after the CORESET duration. Therefore, implicit indication of the data starting position applies based on the CORESET duration. However, unused parts of CORESET are not reused. 
In the right figure, data can be scheduled in the region of unused parts of CORESET where no DCI transmission occurs (DCI-level resource sharing). The data starting position can be in any symbol regardless of the frequency location of the data. Therefore, resource utilization efficiency is maximized. However, to support DCI-level resource sharing, more complicated specification support is required such as indication of data starting position, existence of other DCI transmissions, punctured/rate-matched region of PDSCH,  etc. For example, PDSCH for UE#1 (PDSCH#1) is transmitted from the 1st symbol and parts of PDSCH#1 are overlapped with PDCCHs within a CORESET. Since UE#1 can know the location of its own PDCCH (DCI#1), PDSCH#1 can be rate matched in the region where PDSCH#1 and DCI#1 are overlapped. However, UE#1 cannot be aware of existence of other PDCCH transmissions (e.g. DCI#2). There are two possible alternatives to solve this issue. Alt#1 is to indicate other DCI transmissions and apply rate matching for the PDSCH resources overlapping with PDCCH transmissions. Alt#1 can maximize spectral utilization efficiency at the cost of large control signalling overhead. Alt#2 is for a gNB to puncture PDSCH transmissions in REs overlapping with PDCCH transmissions. Alt#2 does not require additional signalling and unused parts of CORESET can be maximally reused for data transmissions. However, data BLER will be severely increased, particularly for high MCS, when the number of punctured REs is not negligible. 
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Figure 1. Resource sharing between control and data with CORESET-level (left) and DCI-level (right)
Observation 1: For the resource sharing granularity, there are CORESET-level and DCI-level resource sharing and they show trade-off between signaling overhead and resource utilization.

2.1.2 Scenario #2: Resource sharing with configured/un-configured CORESET

From a gNB perspective, multiple CORESETs can exist in a system bandwidth. A PDCCH can be transmitted within a CORESET, whereas, a PDSCH can be transmitted over the whole system bandwidth. Therefore, a PDSCH can be multiplexed with multiple CORESETs. Figure 2 shows the case of resource sharing between a PDSCH and multiple CORESETs. In Figure 2, it is assumed that UE#1 is configured with CORESET#1 and UE#1 does not know the existence of CORESET#2. The CORESET duration can be different for each CORESET. 
In the left figure, CORESET#1 duration is smaller than CORESET#2 duration and CORESET-level resource sharing is assumed. Since some parts of PDSCH are located in the same frequency of CORESET#2, the data starting position follows the CORESET#2 duration. Consequently, UE#1 cannot know the data starting position implicitly from its configured CORESET#1’s duration. Instead, an explicit indication of data starting position is required even though CORESET-level resource sharing is considered. In the right figure, it is considered that CORESET#1 duration is larger than CORESET#2 duration. If only CORESET-level resource sharing is supported the data starting position only depends on CORESET#1 duration. It is also possible to support DCI-level resource sharing in the CORESET#1 region since UE#1 is aware of its own CORESET#1 at the cost of additional signalling. However, in this case CORESET#2 duration can be a bottleneck of possible starting position for PDSCH transmission. 

From the above observations, to support wideband PDSCH transmission as well as resource sharing between control and data, some information related to un-configured CORESETs should be known to a UE. The information related to other CORESETs can include configuration information for all CORESETs in a system bandwidth and maximum value of CORESET duration among all CORESETs. Also, different levels of resource sharing depending on configured/un-configured CORESETs may be considered. Since DCI-level resource sharing for the un-configured CORESETs can lead large signalling overhead, it would be desirable to support only CORESET-level resource sharing for un-configured CORESETs. Alternatively, an explicit indicator for data starting position can be introduced regardless of existence of other CORESETs although this reduces the flexibility of resource utilization.
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Figure 2. Resource sharing between data and control with multiple CORESETs
Observation 2: For configured CORESET, both CORESET-level and DCI-level resource sharing between control and data can be supported since a UE is already know the information of configured CORESET.

Observation 3: For un-configured CORESET, it is difficult to support DCI-level resource sharing between control and data since a UE cannot be aware of the existence of un-configured CORESET.

2.1.3 Scenario #3: Resource allocation types for PDSCH
There are two resource allocation types for PDSCH scheduling. One is non-contiguous resource allocation (e.g., resource allocation type 0/1 in LTE) and the other is contiguous resource allocation (e.g., resource allocation type 2 in LTE). Depending on the resource allocation type, different resource sharing can be considered as shown in Figure 3. In the left figure, data resource allocation is contiguous such as for example for small data packets regardless of potential frequency hopping. Therefore, the starting position for the PDSCH can be same over the allocated frequency resources. In this case, a single data starting position (if needed) is enough. On the other hand, if the PDSCH resource allocation is non-contiguous, the determination of a PDSCH starting symbol while maximizing spectral efficiency is more complicated. In the right figure, a PDSCH transmission can be distributed over an entire system bandwidth with RB or RB group (RBG) level. Then each part of PDSCH can have different starting position depending on the location of allocated frequency resources. For efficient resource utilization, multiple data starting position indicators can be introduced. However, this requires multiple respective fields in DL DCI formats, potentially as many as the number of configured CORESETs for all UEs.
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Figure 3. Resource sharing between control and data with contiguous resource allocation (left) and non-contiguous resource allocation (right)
Observation 4: To maximize resource utilization, multiple starting positions for a PDSCH transmission in a slot need to be supported.
2.1.4 Scenario #4: Transmission types for NR-PDCCH

NR supports both localized transmission type and distributed transmission type for NR-PDCCH transmission. A localized transmission type can be used when a favourable precoder for the UE is available, whereas, a distributed transmission type can be used to provide robust transmission based on frequency diversity or transmission diversity  that have less dependence on accurate CSI feedback for link adaptation. 
Figure 4 shows examples of resource sharing for both localized and distributed CORESETs. As shown in the left figure, localized type can provide more flexible resource sharing between data and control with high probability since DCIs can be transmitted compactly area in the frequency domain. On the other hand, distributed type does not facilitate DCI-level resource sharing since a DCI can be transmitted over substantially the whole frequency resources of a CORESET as shown in the right figure. A PDSCH is normally allocated with RBG level and RBG size becomes larger according to the system bandwidth. Therefore, if a PDCCH is transmitted by distributed type, it would be difficult to ensure unused frequency location wide enough to reuse for data transmission. 
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Figure 4. Resource sharing between control and data in localized transmission type (left) and distributed transmission type (right)
Observation 5: For a CORESET by configured localized type, both CORESET-level and DCI-level resource sharing between control and data can be supported in NR.
Observation 6: For a CORESET configured by distributed type, at least CORESET-level resource sharing between control and data is supported in NR.
2.2 Granularity for resource sharing between control and data
2.2.1 Time domain granularity

Time domain granularity is closely related to a number of bits for indicating a starting symbol for PDSCH transmissions.  One OFDM symbol can be the time domain granularity. When the maximum number of CORESET symbols is less than 4, 2 bits can indicate the starting symbol for PDSCH transmissions. However, when time-first mapping is used for REG to CCE mapping, contiguous REGs in time domain compose a NR-CCE that is mapped over multiple OFDM symbols corresponding to the CORESET duration. As a result, the possible starting symbols for PDSCH transmissions can be either the first symbol or the number of CORESET symbols+1. 
Proposal 1: Resource sharing between control and data in the time domain is supported with granularity of 1 OFDM symbol.

2.2.2 Frequency domain granularity
Frequency domain granularity should ensure flexibility for scheduling PDSCH transmissions in the CORESET region. NR-PDCCH is designed to support RB-level multiplexing with PDSCH by using a PRB as a REG. However, depending on the multiplexing method, RB-level multiplexing can lead to higher signalling overhead for support resource sharing. Considering the trade-off between signalling overhead and scheduling flexibility, RBG-level or multiple times of RBG-level frequency domain granularity can be considered. Basically, a PDSCH is scheduled with unit of RBG and RBG size can be determined by the system bandwidth. This is a natural consequence from having RBG-level PDSCH resource allocation granularity in frequency domain. In general, K times RBG-level (K=1, 2, 3, …) can be considered for trade-offs between resource allocation flexibility and signalling overhead.
Proposal 2: Resource sharing between control and data in frequency domain is supported with granularity of K times RBG size – FFS for values of K.
3 Conclusion
This contribution discussed remaining issues on NR-PDCCH design related to resource sharing between control and data based on the agreements in the previous RAN1 meetings. Following observations were captured as below.
Observation 1: For the resource sharing granularity, there are CORESET-level and DCI-level resource sharing and they show trade-off between signaling overhead and resource utilization.

Observation 2: For configured CORESET, both CORESET-level and DCI-level resource sharing between control and data can be supported since a UE is already know the information of configured CORESET.

Observation 3: For un-configured CORESET, it is difficult to support DCI-level resource sharing between control and data since a UE cannot be aware of the existence of un-configured CORESET.
Observation 4: To maximize resource utilization, multiple starting positions for a PDSCH transmission in a slot need to be supported.
Observation 5: For a CORESET by configured localized type, both CORESET-level and DCI-level resource sharing between control and data can be supported in NR.
Observation 6: For a CORESET configured by distributed type, at least CORESET-level resource sharing between control and data is supported in NR.

Following proposals were further provided as below.
Proposal 1: Resource sharing between control and data in the time domain is supported with granularity of 1 OFDM symbol.

Proposal 2: Resource sharing between control and data in frequency domain is supported with granularity of K times RBG size – FFS for values of K.
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