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1 Introduction
In the previous RAN1 meetings, the followings were agreed on the PDCCH design [1, 2].
Agreements:
· MU-MIMO is supported NR-PDCCH using at least non-orthogonal DMRS.

· FFS: orthogonal DMRS for UE-specific NR-PDCCH

Agreements:
· Confirm working assumption:

· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH

· FFS: DMRS RE overhead for the REG transmitting DMRS is 1/3

· FFS on DMRS pattern

Agreements:
· CCE = 6 REGs (confirm Working Assumption)

· One of following is configured for REG-to-CCE mapping for a 1-symbol CORESET:

· Opt.1: No interleaving – 6 REGs for a given CCE are grouped to form a REG bundle and all REGs for a given CCE are consecutive

· CCE(s) of one PDCCH is/are also consecutive

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· Opt.2: Interleaving – [2 or 3 or 6] REGs for a given CCE are grouped to form a REG bundle and REG bundles are interleaved in the CORESET

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· FFS: down selection among {2}, {3}, {2,3}, {2,6}, {3,6}, {2,3,6}
· Note: UE can assume the same precoder within a REG bundle

· For REG-to-CCE mapping for a CORESET with more than 1-symbol;

· REG bundle is defined in time and frequency-domain

· At least support following:

· Time-first mapping where one of the following is configured

· Support REG bundle in time-domain being equal to the CORESET semi-statically configured time duration

· Opt.1: Non interleaving - 6 REGs for a given CCE are grouped to form a REG bundle and all REGs for a given CCE are time and frequency localized

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· Opt.2: Interleaving – [2 or 3 or 6] REGs for a given CCE are grouped to form a REG bundle and REG bundles are interleaved in the CORESET

· FFS: Whether the UE can assume the same precoder across multiple REG bundles

· FFS: time-domain precoder-cycling

· Support REG bundle in time-domain being equal to 1 symbol, or;

· Support following:

· REG-to-CCE mapping is exactly same as the case where a CORESET with 1 symbol

· A PDCCH candidate can be mapped across OFDM symbols

This contribution discusses the remaining FFS issues and further details on DMRS structure for PDCCH.
2 DMRS structure for PDCCH
2.1 DMRS placements
Regarding the DMRS placements, two alternatives can be considered as shown in Figure 1. Alt#1 is to transmit DMRS only in the first symbol. This front loaded structure is beneficial in terms of latency and low DMRS overhead. Alt#2 is to transmit DMRS for every REG. Alt#2 has a benefit of better channel estimation accuracy than Alt#1 if REG bundling in time-domain is applied, while, there is loss in coding rate due to high DMRS overhead. 
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Figure 1. Example of DMRS placements (a) DMRS is front loaded (b) DMRS is transmitted in every REG.

In Figure 2, the BLER performance of interleaved PDCCH with 2-symbol CORESET is evaluated. It is assumed that time-first mapping for REG-to-CCE, 1/3 DMRS overhead, and one-port precoder cycling. For DMRS in every REG case, 2-REG bundling in time-domain is used based on the agreement. It is observed that DMRS in first symbol outperforms DMRS in every REG in lower aggregation levels especially for AL=1 and AL=2. This is because of that for high SNR regime since the channel estimation is somewhat accurate enough, to ensure lower coding rate is more important to achieve better BLER. On the other hand, DMRS in every REG is slightly better than DMRS in first symbol in higher aggregation levels, especially for AL=4. This implies that channel estimation is more important at low SNR regime.

Actually, above observations depend on the DMRS density and whether there can be interpolation across REG bundles. For lower DMRS overhead such as 1/4 or 1/6, DMRS in every REG can be better than DMRS in first symbol since channel estimation accuracy will be not enough in case of front loaded DMRS. On the other hand, if same precoder across REG bundles is supported, it is possible to enhance channel estimation with interpolation across the bundles even for front loaded DMRS. Then DMRS only in first REG can be enough for higher aggregation levels.

Observation 1: DMRS in first symbol is better than DMRS in every REG for lower ALs and vice versa for higher ALs.

Observation 2: It should be further studied considering DMRS overhead and same precoder across REG bundles to decide DMRS placement.
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Figure 2: PDCCH performance with 2-REG bundle
2.2 Number of DMRS ports

It was agreed that one-port transmit diversity scheme is supported for NR-PDCCH. Therefore, when NR-PDCCH is transmitted by using transmit diversity scheme (it would be applied for distributed NR-PDCCH), one port DMRS transmission is enough. However, if we consider transmission scheme using UE-specific beamforming (it would be for localized NR-PDCCH), more than one antenna ports transmission can further considered. For example, multiple NR-PDCCHs for different UEs can be transmitted in the same RB with different UE-specific beamformers in TDM manner. This situation happens when frequency-first mapping is used for REG-to-CCE and CCE-to-search space mapping. To support different UE-specific beamformed NR-PDCCH transmissions in the same RB, orthogonal port mapping should be supported for each UE and, consequently, more than one DMRS antenna ports are needed. The number of antenna ports also affects to the DMRS overhead and trade-off between DMRS overhead and channel estimation performance should be carefully studied. 

Observation 3: Total number of supported DMRS antenna ports should be further studied considering various design parameters such as number of CCEs to be multiplexed in the same RBs using UE-specific beamforming, whether supporting orthogonal/non-orthogonal port mapping, resource mapping method, DMRS placements, DMRS overhead, etc.
2.3 DMRS configuration for distributed NR-PDCCH
A distributed PDCCH is suitable to support transmission diversity schemes as a robust scheme that has less dependence on CSI feedback for link adaptation. Distributed PDCCH transmission provides robust performance by exploiting frequency diversity by transmitting a DCI message over PRBs widely distributed across configured subband. Therefore, distributed transmission can be configured for coverage critical control signalling such as common control/group common control signalling and UE-specific control signalling for cell edge UEs.
Considering above characteristic, shared DMRS can be adopted for distributed NR-PDCCH. For distributed type, REGs and CCEs for a PDCCH candidate are distributed over the entire time/frequency resource within configured control resource set to maximize the diversity gain. DMRS to decode that PDCCH candidate can be also transmitted over the control resource set and it should be shared for the UEs belong to that control resource set. Therefore DMRS configurations such as sequence, port number, location should be known to all of the UEs sharing that DMRS.
Accordingly, at least for common search space, DMRS sequence can be associated with cell ID. During initial access procedure, a UE has to know the DMRS sequence configuration for common search space including control configured with RA-RNTI, SI-RNTI, and P-RNTI. Before RRC connection, since a UE cannot be configured with specific ID and/or scrambling ID which will be used for initialization of DMRS sequence, it is natural to use priory known information like cell ID for DMRS sequence generation. After RRC connection, a UE can be configured by a specific ID to generate shared DMRS sequence. Therefore, for UE-group common control and UE-specific search space for distributed type, DMRS sequence can be configured by higher layer signalling. In this case, configured ID for DMRS sequence initialization is like a virtual cell ID which is the same for the UEs who share the DMRS. 
Proposal 1: DMRS sequence for at least one search space is associated with cell ID
Proposal 2: DMRS sequence for distributed PDCCH can be associated with cell ID or virtual cell ID configured by higher layer signalling.

2.4 DMRS configuration for localized PDCCH
A localized PDCCH transmission 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 and in a UE-specific manner. To support UE-specific beamforming, DMRS can be UE-specific. Accordingly, localized PDCCH can be mostly configured for UE-specific search space rather than common search space.
A CORESET for UE-specific search space can be configured by higher layer signalling after RRC connection. Therefore it is possible to configure DMRS sequence for localize PDCCH by higher layer signalling in a UE-specific manner. Each UE can have different UE-specific ID and scrambling ID for initialization of DMRS sequence. Using configured UE-specific ID provides good support for transparent MU-MIMO while not overly complicating the specifications. Even if two UEs share the same antenna port, MU-MIMO could still be applied in the non-orthogonal manner.
UE-specific beamforming is mostly based on 1 port transmission. Regarding antenna port mapping of DMRS for localized PDCCH, similar principle in localized EPDCCH is reusable. For EPDCCH, the single antenna port to use is selected based on the below equation.
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 is the number of ECCEs used for this EPDCCH. Based on the calculated n’ value, an antenna port is selected among 4 antenna ports. The reason such complicated equation is used for DMRS port mapping in EPDCCH is because of that maximum 4 ECCEs can be located in the same PRB and ensuring orthogonal DMRS port mapping between UEs when different ECCEs are transmitted together in that PRB.
On the other hand, DMRS port mapping for PDCCH can be very simplified in NR for time-first mapping of REG-to-CCE mapping. In time-first mapping, a CCE is always located over multiple OFDM symbols equal to the CORESET duration and multiple CCEs are not TDMed but always FDMed. Then, DMRS within a CCE can be fully utilized for that CCE corresponding to a UE. Therefore, a fixed DMRS port mapping can be used regardless of CCE index. Furthermore, there is no need to support more than one DMRS port if only non-orthogonal MU-MIMO is supported and then there is no need to consider DMRS port mapping for localized PDCCH as for distributed PDCCH. If MU-MIMO using orthogonal DMRS is supported in NR, more than one DMRS ports have to be supported. Even for this case, the DMRS port mapping can be just decided by the UE-ID without consideration on other system parameters.
Observation 4: DMRS port mapping for localized PDCCH can be simplified when time-first mapping for REG-to-CCE mapping. 

Proposal 3: DMRS sequence for localized PDCCH can be configured by higher layer signalling.

3 Conclusion
This contribution discussed on DMRS structure for PDCCH based on the agreements in the previous RAN1 meeting. Following observations were captured as below.
Observation 1: DMRS in first symbol is better than DMRS in every REG for lower ALs and vice versa for higher ALs.

Observation 2: It should be further studied considering DMRS overhead and same precoder across REG bundles to decide DMRS placement.

Observation 3: Total number of supported DMRS antenna ports should be further studied considering various design parameters such as number of CCEs to be multiplexed in the same RBs using UE-specific beamforming, whether supporting orthogonal/non-orthogonal port mapping, resource mapping method, DMRS placements, DMRS overhead, etc.
Observation 4: DMRS port mapping for localized PDCCH can be simplified when time-first mapping for REG-to-CCE mapping. 

And followings are proposed as below.
Proposal 1: DMRS sequence for at least one search space is associated with cell ID

Proposal 2: DMRS sequence for distributed PDCCH can be associated with cell ID or virtual cell ID configured by higher layer signalling.

Proposal 3: DMRS sequence for localized PDCCH can be configured by higher layer signalling.
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