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1 Introduction
In RAN1#86bis and RAN1#87 the following were agreed on the NR-PDCCH design [1, 2]. 

Agreements:
· NR should support at least the following.
· In frequency-domain, a PRB (or a multiple of PRBs) is the resource unit size (may or may not including DM-RS) for control channel

· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot

· FFS: whether a PRB or a multiple PRBs is the resource unit size
· FFS: If multiple PRBs is the resource unit size, the multiple PRBs are contiguous

· FFS: whether the resource unit size for a DL control channel is called as NR-REG or not
Agreements:
· NR should support at least the following
· A DL control channel can be mapped on one or more NR-CCEs

· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot

· A NR-CCE includes a positive integer number of PRBs (FFS: exact value)
· FFS: whether a NR-CCE contains contiguous PRBs

· FFS: whether multiple NR-CCEs may share one or more PRBs
· FFS: whether NR-CCE is mapped on frequency-domain only or on both frequency and time-domain.
Agreements:
· The reference signals in at least one search space do not depend on the RNTI or UE-identity
· FFS: The reference signals in at least an additional search space do not depend on the RNTI or UE-identity

· FFS: For one UE, there is the case the channel estimate obtained for one RE is reusable across multiple blind decodings involving that RE
· In an additional search space, reference signals can be configured, FFS: explicitly or implicitly
Agreements:
· At least for single-stage DCI design:

· A control resource set (formerly called control subband) is, in the frequency domain, a set of PRBs within which the UE attempts to blindly decode downlink control information

· The PRBs may or may not be frequency contiguous

· A UE may have one or more control resource sets

· Working assumption: One DCI message is located within one control resource set

· In frequency-domain, a PRB is the resource unit size (may or may not including DM-RS) for control channel
Agreements:
· when the control resource set spans multiple OFDM symbols, NR support a  control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol

· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)

This contribution discusses remaining FFS issues and additional issues related to search space design for NR-PDCCH considering DMRS and resource mapping aspects that are summarized as follows:
Issue#1: DMRS placement and reuse principle for NR-PDCCH
Issue#2: Resource mapping aspects for localized NR-PDCCH
Issue#3: Resource mapping aspects for distributed NR-PDCCH
2 Resource mapping aspects for NR-PDCCH
2.1 DMRS aspects for NR-PDCCH
According to the agreements, NR-CCE is the resource mapping unit of NR-PDCCH, is composed of multiple PRBs, and a PRB may include DMRS for NR-PDCCH reception. Several alternatives for DMRS placement are given in Fig. 1. Alt. 1 (Alt. 1-1, 1-2, 1-3) and Alt. 2 (Alt. 2-1, 2-2, 2-3), respectively, represent the cases of one OFDM symbol and two OFDM symbols for control resource set. Alt. 1 and Alt. 2-1 are also applicable to more than two OFDM symbols and Alt. 2-2 and Alt. 2-3 can be extended to more than two OFDM symbols. Details of DMRS patterns and multiplexing method of the RSs between different ports are out of the scope of this contribution. Focus is on basic aspects of the DMRS for NR-PDCCH such as DMRS overhead, DMRS placement, and DMRS reuse principle that are closely related to the search space design for NR-PDCCH.
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Figure 1. Alternatives for DMRS placement

Issue #1: Number of antenna ports
Regarding the DMRS location and density, CRS and DMRS in LTE can be initial references but further evaluations are needed to determine the appropriate DMRS overhead which may also depend on the TxD scheme [3]. An example of Alt. 1-1 shown in Fig. 1 is the same RS placement with the 2 ports case of CRS on the first OFDM symbol in a subframe. Alt. 1-1 gives 33.3% DMRS overhead for two ports DMRS transmission when the number of OFDM symbol of control resource set is equal to 1. Compared to the CRS, the channel estimation performance may be poor for Alt. 1-1 due to absence of time interpolation. For better channel estimation performance, Alt. 1-2 can be considered. To maintain same total DMRS overhead with Alt 1-1, Alt. 1-2 considers only one antenna port. For more than 2 DMRS ports, Alt. 1-3 can be considered but the DMRS overhead is significant in case of 1 OFDM symbol for the resource control set. The number of DMRS antenna ports can be concluded pending evaluation results considering the tradeoff of increased transmission diversity versus increased DMRS overhead. If necessary, a 2-port TxD scheme can be assumed as a working assumption. 
Proposal 1: The number of DMRS ports can be determined after evaluations considering the tradeoff between transmit diversity and DMRS overhead are concluded. If necessary, 2 DMRS ports can be a working assumption. 
Issue #2: DMRS placement
When 2 OFDM symbols are considered for control resource set, the DMRS overhead can be reduced as shown in Alt. 2-1. Alt. 2-1 has 16.7% DMRS overhead which is a half of Alt. 1-1. Compared to CRS overhead (9.25% for 2 ports CRS), the DMRS overhead of Alt. 2-1 is reasonable. Maintaining the same DMRS overhead with Alt. 2-1, Alt. 2-2 can be further considered to enhance the time domain interpolation performance but the gain of Alt. 2-2 over Alt. 2-1 in expected to be marginal while Alt. 2-1 is more beneficial than Alt. 2-2 in terms of latency and DMRS reusable structure (details of the reuse principle of DMRS are discussed in the next subsection). Therefore, the “front-loaded” structure of DMRS is desirable for NR-PDCCH.
Proposal 2: Front loaded DMRS placement is supported for NR-PDCCH.
Issue #3: DMRS reuse principles
It is captured that
· FFS: For one UE, there is the case the channel estimate obtained for one RE is reusable across multiple blind decodings involving that RE
DMRS reuse in NR-PDCCH has many benefits in terms of maintaining low DMRS overhead, latency reduction, power saving, and so on. For Alt. 2-1, the channel estimate of the first OFDM symbol can be reused for the second OFDM symbol if a NR-PDCCH is mapped over the two OFDM symbols. Although duplicated DMRS on the second OFDM symbol can be considered for better channel estimation performance, as shown in Alt. 2-3, this doubles the DMRS overhead which is unlikely to offer a positive tradeoff. Also in cases of Alt. 2-2 and 2-3, UE can start channel estimation after the second OFDM symbol is received and this increases latency. It is also highly important that DMRS reuse across multiple blind decoding operations reduces UE power consumption. Assuming front-loaded DMRS, this is relevant to localized transmissions where NR-CCEs for a NR-PDCCH candidate mapped to multiple OFDM symbols should be on the same PRBs – this is same as for localized EPDCCH. For distributed NR-PDCCH transmission, this restriction is not needed.
Proposal 3: For localized NR-PDCCH, a candidate mapped over multiple OFDM symbols uses the same PRBs in the frequency domain.
2.2 NR-PDCCH with localized Tx type
A localized NR-PDCCH transmission to a UE can be used when a favourable precoder for the UE is available and reliable. 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 PRBs in frequency to maximize beamforming gain. For the contiguous PRB mapping time first mapping or frequency first mapping can apply. An example is shown in Figure 2 where a NR-CCE is composed of 5 contiguous PRBs [3]. The red dashed box and blue dashed box represent a NR-CCE. 
For time first mapping, a NR-CCE is mapped over multiple OFDM symbols and multiple NR-CCEs are basically FDMed. Time first mapping has several benefits. First, UE-specific beamforming gain and frequency-selective scheduling gain can be efficiently achieved when reliable channel feedback is available since a NR-CCE is more compactly localized in frequency domain. Also, DMRS in the first OFDM symbol is fully used for a UE and can be reused to decode other OFDM symbols since same UE-specific beamforming is applied over the multiple OFDM symbols in the same location. According to the example shown in Alt. 1, two NR-CCEs can be partially TDMed in some location. If two NR-PDCCH candidates for different UEs are transmitted through the TDMed NR-CCEs with different UE-specific beamformings, then DMRS in the first OFDM symbol cannot be fully utilized for a UE. A possible solution is to use different port mapping on each NR-CCE as already supported in EPDCCH. One NR-CCE can be mapped to one antenna port. Another possible solution is to ensure pure FDM between different NR-CCEs. For this purpose, the number of PRBs composing a NR-CCE can be adaptively changed according to the number of OFDM symbols of the control resource set. For example, if a NR-CCE spans an even number of PRBs over 2 symbols of control resource set, then different NR-CCEs are purely FDMed. The UE may know the configuration implicitly from the number of symbols of control resource set.
For frequency first mapping, a NR-CCE is mapped in an OFDM symbol and multiple NR-CCEs are basically TDMed. Frequency first mapping may be perceived to have benefits in terms of latency and frequency diversity. However, none of these benefits actually exist as a UE can have candidates spanning one OFDM symbol and frequency diversity is not applicable for localized transmissions. TDM among NR-PDCCH candidates also reduces coverage as, for a given candidate, gNB power is utilized over a smaller number of OFDM symbols than the number in the control resource set. Further, TDM among NR-PDCCH candidates is not desirable from the DMRS reuse perspective. For example, if more than two NR-PDCCHs are transmitted over more than two OFDM symbols, additional DMRS insertion is necessary since two DMRS ports in the first symbol are not sufficient to support orthogonal port mapping. Therefore, time first mapping is more efficient for contiguous PRB mapping of NR-CCEs.
	Alt. 1 Time first mapping
	Alt. 2. Frequency first mapping
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Figure 2. Alternatives for PRB-to-NR-CCE mapping for localized Tx type
Proposal 4: For localized NR-PDCCH, time first mapping is used for PRB to NR-CCE mapping.
Proposal 5: For localized NR-PDCCH, one NR-CCE is mapped to one antenna port.

2.3 NR-PDCCH with distributed Tx type

A distributed Tx type of NR-PDCCH is associated with diversity, such as frequency diversity or transmission diversity schemes (e.g. SFBC and 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 Tx type to maximize frequency diversity gain. Whether a CRS-like DMRS is used (similar to PDCCH) or DMRS that could also be used for localized transmissions is used (similar to EPDCCH) will depend on whether or not a resource control set can be shared (as for EPDCCH) among distributed and localized NR-PDCCH transmissions [4]. 
Observation 1: For distributed NR-PDCCH, the DMRS can be determined after determining whether or not a control resource set can be shared among distributed and localized NR-PDCCH transmissions.
3 Conclusion

This contribution discussed remaining issues regarding NR-PDCCH design based on the agreement in the previous RAN1#86bis and RAN1#87. Following proposals were made as below.
Proposal 1: The number of DMRS ports can be determined after evaluations considering the tradeoff between transmit diversity and DMRS overhead are concluded. If necessary, 2 DMRS ports can be a working assumption.
Proposal 2: Front loaded DMRS placement is supported for NR-PDCCH.

Proposal 3: For localized NR-PDCCH, a candidate mapped over multiple OFDM symbols uses the same PRBs in the frequency domain.
Proposal 4: For localized NR-PDCCH, time first mapping is desirable for PRB to NR-CCE mapping.

Proposal 5: For localized NR-PDCCH, one NR-CCE is mapped to one antenna port.
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