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1 Introduction
In RAN1 NR ad-hoc, the followings were agreed on the NR-PDCCH design [1]. 
Agreements:
· NR supports at least following functionalities
· At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)
· A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
· At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot
Agreements:
· Each candidate of NR DL Control channel search space is composed by K NR-CCE(s)
· A NR-CCE is defined in fixed number of REGs

· FFS: Different REGs can be in the same or different symbols depending on REG to NR-CCE mapping

· FFS: NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE
· FFS: REG to NR-CCE mapping within a control resource set is frequency first, time first or gNB configurable
· FFS: Down selection of REG to NR-CCE mapping
· E.g. K can be 1, 2, 4, or 8, etc
This contribution considers remaining FFS issues related to the resource mapping for NR-PDCCH design. 

2 Resource mapping aspects for NR-PDCCH
2.1 Resource mapping aspects for localized transmission type
A localized NR-PDCCH transmission can be used when a favourable precoder for the UE is available and reliable (e.g. ‘recently’ provided). A same precoder can apply for DMRS REs and data REs in a transparent manner. For localized Tx type, as for localized EPDCCH, it is desirable that a NR-CCE is composed of contiguous REGs to maximize beamforming gain. For the contiguous REG-to-CCE mapping, time first mapping or frequency first mapping can be considered. Figure 1 shows an example where a NR-CCE is composed of 6 contiguous REGs. 
For time first mapping, contiguous REGs in both time and frequency domain compose a NR-CCE and consequently a NR-CCE is mapped over multiple OFDM symbols corresponding to the control resource set duration. In this case, a NR-CCE can be more compactly localized in frequency domain. This structure is similar to localized EPDCCH in LTE and has the advantages of higher and more reliable beamforming gain as well as frequency selective scheduling gain. Different NR-CCEs are FDM. Consequently, the front-loaded DMRS in the first symbol is fully utilized for demodulating the corresponding NR-CCE without dedicated port mapping. In this case, it is possible to use all of 4 REs of DMRS within a NR-CCE for 1 port UE-specific beamforming to enhance the channel estimation performance when MU-MIMO transmission is not introduced to that NR-CCE. Expending on DMRS related issue, since each NR-CCE contains DMRS, the number of available REs to transmit DCI is the same for every NR-CCE. Therefore, it is expected that the similar performance regardless of which NR-CCE is used for NR-PDCCH transmission. Meanwhile, pure FDM structure among NR-CCEs has a benefit from the perspective on multiplexing between PDSCH and PDCCH. For example, the candidates for the PDSCH starting position are simplified to two options – 1st symbol or (CFI+1) symbol. If a field for PDSCH starting point indication is introduced for a given DCI format, UE can implicitly know the size of the field from whether time first mapping is used or not. 
The above benefits of time first mapping depend on the number of REGs per NR-CCE and the control resource set duration. For example, when the control resource set duration is 2 symbols and 5 REGs compose a NR-CCE, two adjacent NR-CCEs can be partially TDMed in frequency. If two NR-PDCCH candidates for different UEs are transmitted through the TDMed NR-CCEs with different UE-specific beamformers, then DMRS in the first symbol cannot be fully utilized for a UE. In this case, dedicated port mapping on each NR-CCE should be supported as  in EPDCCH. Another possible solution is to ensure pure FDM between different NR-CCEs by choosing a proper number of REGs per NR-CCE. Assuming maximum CFI is 3 for NR, 6 REGs per NR-CCE is a favourable choice since pure FDM between NR-CCEs is ensured regardless of the CFI. 
Observation 1: Time first mapping for localized NR-PDCCH transmissions has benefits in terms of performance, DMRS reuse, and simplifying multiplexing between PDSCH and PDCCH. 
For frequency first mapping, contiguous REGs in frequency domain compose a NR-CCE, and a NR-CCE can be mapped within a single OFDM symbol regardless of the control resource set duration. NR-CCEs can be TDMed. If front loaded DMRS is assumed, NR-CCEs in later OFDM symbols do not contain DMRS to avoid large DMRS overhead. Instead, DMRS in the first OFDM symbol should be shared for the multiple NR-CCEs in the same frequency location. In this case, a dedicated port mapping for the consecutive NR-CCEs in time domain is required to support UE-specific beamforming. Proper search space design can resolve this issue. For example, if NR-CCE#1 and NR-CCE#3 in Figure 1 are configured as a candidate of NR-PDCCH of AL=2 for a UE, the DMRS in the first OFDM symbol can be fully used for that UE.
Frequency first mapping may be perceived to have benefits in terms of latency and frequency diversity. Since a NR-PDCCH can be transmitted through a single OFDM symbol, decoding latency may be reduced for that NR-PDCCH if the scheduler decides to use a candidate mapped only on the first OFDM symbol (latency is progressively larger for NR-PDCCHs transmitted in later symbols). In terms of frequency domain mapping structure, as a NR-PDCCH can be mapped to wider frequency band compared to the time first mapping method, more frequency diversity is achieved especially for small NR aggregation levels. However, although this is beneficial for distributed NR-PDCCH transmissions, it may not meaningful for precoded/localized NR-PDCCH transmissions.
Observation 2: Frequency first mapping for localized NR-PDCCH transmissions has benefits in terms of decoding latency and frequency diversity.
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Figure 1. Resource mapping for localized transmission
2.2 Resource mapping aspects for distributed transmission type
A distributed Tx type of NR-PDCCH is associated with diversity, such as frequency diversity or transmission diversity schemes (e.g. precoder cycling), to provide robust transmission that has less dependence on accurate CSI feedback for link adaptation. Therefore, non-contiguous PRB mapping to NR-CCE is suitable for distributed transmission type to maximize the frequency diversity and interference diversity gain. 
For the non-contiguous REG-to-CCE mapping, time first mapping or frequency first mapping can be also considered as shown in Figure 2. In contrast with localized transmission, REG-to-CCE mapping for distributed transmission is done in the logical domain and resultant physical mapping is obtained by distributing REGs within the whole control resource set like symbol-level sub-block for PDCCH in LTE. As a result, the remaining characteristic after REG-to-CCE mapping is just whether a NR-CCE is mapped over multiple OFDM symbols or not.
As shown in Figure 2, after time first mapping, a NR-CCE is mapped over multiple symbols corresponding to the control resource set duration. Consequently, each REG composing a NR-CCE is distributed well in the time/frequency resources. In distributed transmission, DMRS does not need to be UE-specific since transmission diversity would be applied. Therefore, DMRS related benefits of time first mapping described in section 2.1 are not valid for distributed transmissions. The only remaining benefit is coverage enhancement when only parts of NR-CCEs are used for NR-PDCCH transmission (the same principle can be found in LTE PDCCH). However, if the unused control resources are used for PDSCH transmission, this benefit is also marginal. 

For frequency-first mapping, a NR-CCE is mapped within a single OFDM symbol and 6 non-contiguous REGs in the frequency domain can compose a NR-CCE as shown in Figure 2. Most of observed characteristics of frequency first mapping in section 2.1 are still captured for distributed transmission type. Low latency can be achieved when a NR-PDCCH is transmitted within a single OFDM symbol. Also, UE power saving is possible by informing the number of candidates mapped to subsets of OFDM symbols and reducing blind decoding operations, when possible, through CFI-type information.
Observation 3: For distributed transmission, time first mapping do not provide meaningful benefits while frequency first mapping maintains latency and frequency diversity gains.

Proposal 1: NR supports configurable REG to NR-CCE mapping for a search space. 
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Figure 2. Resource mapping for distributed transmission
3 Conclusion

This contribution discussed remaining issues on NR-PDCCH design related to resource mapping aspects based on the agreement in the previous RAN1 ad-hoc meeting. Following observations were captured as below.
Observation 1: Time first mapping for localized NR-PDCCH transmissions has benefits in terms of performance, DMRS reuse, and simplifying multiplexing between PDSCH and PDCCH. 

Observation 2: Frequency first mapping for localized NR-PDCCH transmissions has benefits in terms of decoding latency and frequency diversity.

Observation 3: For distributed transmission, time first mapping do not provide meaningful benefits while frequency first mapping maintains latency and frequency diversity gains.

Also, following proposal is made as below.
Proposal 1: NR supports configurable REG to NR-CCE mapping for a search space.
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