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A work item for NR was agreed in RAN#75 and updated in RAN#76 [1]. The detailed objectives of the WID include the design of “Physical layer channels for control and data based on associated waveform, numerologies and frame structure in line with the conclusions of the study item, including mini-slot design”. 
The following was agreed in RAN1 NR AdHoc#3:
Agreements::
· Confirm the following working assumption:
· DM-RS density per REG is 1/4 at least for normal CP.
· FFS: orthogonal DMRS for MU-MIMO at RAN1 NR AH#3.
· FFS: URLLC
· DMRS density per REG for extended CP is same as that for normal CP

Working assumption:
· For a CORESET, precoder granularity in frequency domain is:
· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
· For ii), DMRS is mapped over all REGs within the CORESET.

Agreements:
· DMRS positions for PDCCH
· Working assumption: Equally-distributed within a REG

Working assumption:
· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.

In this contribution, we discuss some of the open design choices from the agreements so far including the mapping of NR-PDCCH onto REGs and CCEs in time and frequency which is related to the discussions on interleavers for PDCCH in RAN1. The structure of the DM-RS is also addressed.
Discussion
In the following section, we discuss the mapping of NR-PDCCH onto REGs and CCEs. In Section 2.2, the DMRS structure is discussed based on evaluations.
Structure of NR-PDCCH
The basic structure of the NR-PDCCH that has been agreed and captured in [2] is described below.
A Resource Element Group (REG) has been agreed to span 1 PRB x 1 OFDM symbol in frequency and time. When REGs are distributed in frequency, the REGs within a CCE can be split into multiple groups with the REGs in each group being contiguous.
Each CORESET has multiple REGs within it with the REGs being numbered in a time-first manner. The control channel elements (CCEs) may be mapped to a set of contiguous virtual REG numbers generated with or without interleaving the physical REG numbers in the CORESET. Interleaving is useful to distribute the REGs within a CCE so that they are in non-contiguous PRBs which can provide frequency diversity. Not using interleaving is beneficial for cases where localized transmission of PDCCH is desired, i.e., where the PRBs containing the PDCCH are contiguous in frequency and time. The interleaving, when performed, is done on units of REG bundles so that the REGs within a REG bundle are always transmitted contiguously in time and frequency.
The CCEs are numbered in increasing order based on their lowest virtual REG numbers. The NR-PDCCH is then mapped to the REs in a set of contiguous CCEs allocated for the NR-PDCCH time first.
The NR-PDCCH structure described above is illustrated by the examples shown in Figure 1 to Figure 3 where a CORESET of 24 PRBs and 2 OFDM symbols is assumed for interleaved mapping of REGs to CCEs and two CORESETs of 24 PRBs each in each of 2 OFDM symbols is assumed for non-interleaved mapping of REGs to CCEs. The figure shows a proposed interleaver which will be described in detail further below.
 [image: ]
[bookmark: _Ref480928450]Figure 1: Mapping of NR-PDCCH to CCEs and to REGs with time first numbering of physical REGs and interleaved mapping of virtual REG numbers to physical REG numbers. Interleaving is performed in units of a REG bundle.
[image: ]
[bookmark: _Ref494732854]Figure 2: Mapping of NR-PDCCH to CCEs and to REGs with time first numbering of physical REGs and interleaved mapping of virtual REG numbers to physical REG numbers. Interleaving is performed in units of a REG bundle.
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[bookmark: _Ref480928459]Figure 3: Mapping of NR-PDCCH to CCEs and to REGs with time first numbering of physical REGs and non-interleaved mapping of virtual REG numbers to physical REG numbers. 
For interleaved mapping of virtual REGs to physical REGs, it is important to consider the number of segments that the CORESET has and distributed different REG bundles across different segments where segments are defined as a set of physically contiguous PRBs that are part of the CORESET. The interleaver shown in the figure distributes the REG bundles evenly across the different segments. Since the interleaver operates on REG bundles, the consequence is that the interleaving in frequency is the same for every OFDM symbol. It should be noted that this interleaving is similar to what is done for the EPDCCH for distributed transmission where the successive EREGs are chosen from different PRBs which are distributed through the carrier. The interleaver (which is the function f(.) in Section 7.3.2.2 of [2]) shown in the figure above can be described more precisely as in the following proposal. 
Proposal: When interleaving is used to map CCEs to REGs, the interleaver f(∙) operating on REG bundles is 

,




where, is the number of REGs in a REG bundle, is the number of segments in the CORESET, is the number of OFDM symbols in the CORESET and is the number of (contiguous) PRBs in a segment. 
Precoder Granularity and DMRS structure
A working assumption was made on precoder granularity being configurable between two options. In the first option, the granularity is the same as the REG bundle size. In this case, the DMRS are transmitted only in the REGs in which the PDCCH is transmitted. The second option is that the granularity is equal to the number of contiguous RBs in the frequency domain in the CORESET, i.e., the granularity is the same as the segment of a CORESET. If this second option is configured then DMRS are transmitted in all REGs of the CORESET whenever a PDCCH is transmitted. But the CORESET does not have to contain any DMRS if no PDCCH is transmitted in the CORESET. The necessity for the RS to be present across all CORESETs is debatable since adequate performance can be achieved with precoder cycling using a precoder granularity equal to the REG bundle size. Hence, we propose to confirm a part of the working assumption and study further the need for RS over the entire CORESET when the second option is configured for precoder granularity.
Proposal:  For a CORESET, precoder granularity in frequency domain is configurable between the following two options:
i) equal to the REG bundle size in the frequency domain
ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
FFS: Whether DMRS is mapped over all REGs within the CORESET when a NR-PDCCH is transmitted with option ii

In NR, PDCCH may be sent to different UEs on different beams or with different precoders. Typically, the PDCCH can be transmitted in the same beams as the PDSCH it scheduled. For PDSCH, up to 12 orthogonal DMRS ports has been agreed to be supported for DL, which allows for a high degree of MU-MIMO. This can be even further extended by using different DMRS scrambling sequences to different co-scheduled users.  The assignment of DM-RS sequences that are non-orthogonal may be adequate when there is enough spatial separation between the beams or channels received at the different users which typically is the case when the base station has a very large number of antennas. However, orthogonal resources gives the highest degree of robustness. Aspects related to operation with analog beamforming in higher frequency bands must be carefully considered in the design of the DM-RS sequence set.
It is important for the DMRS resource and sequence design to take the above considerations into account. Although, it is considered beneficial to place the DMRS REs so that they are contiguous to have orthogonal DMRS sequences for the PDCCH, this is not strictly necessary except in the most extreme channel conditions. Furthermore, MU-MIMO is not a use case that optimizations should be prioritized for since it is not typically as useful in practice. Therefore, spreading the DMRS REs evenly across the REs in a REG is a reasonable option. Furthermore, DMRS sequence generation can be done as in LTE based on Gold sequences.
Proposal: 
· A UE assumes three DM-RS REs per REG in REs 2, 6 and 10 in a PRB with REs numbered from 0 to 11 in all REGs in which DMRS is transmitted for both interleaved and non-interleaved REG-to-CCE mapping.
· DMRS sequence generation is done as in LTE based on Gold sequences.

Conclusion
This contribution discussed some aspects related to the structure of PDCCH including the mapping of REGs to CCEs, precoder granularity and DMRS structure and proposed the following.
Proposal: When interleaving is used to map CCEs to REGs, the interleaver f(∙) operating on REG bundles is 

,




where, is the number of REGs in a REG bundle, is the number of segments in the CORESET, is the number of OFDM symbols in the CORESET and is the number of (contiguous) PRBs in a segment. 

Proposal:  For a CORESET, precoder granularity in frequency domain is configurable between the following two options:
i) equal to the REG bundle size in the frequency domain
ii) equal to the number of contiguous RBs in the frequency domain within the CORESET
FFS: Whether DMRS is mapped over all REGs within the CORESET when a NR-PDCCH is transmitted with option ii

Proposal: 
· A UE assumes three DM-RS REs per REG in REs 2, 6 and 10 in a PRB with REs numbered from 0 to 11 in all REGs in which DMRS is transmitted for both interleaved and non-interleaved REG-to-CCE mapping.
· DMRS sequence generation is done as in LTE based on Gold sequences.
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