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Introduction
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”. 
In RAN1#89, the following was agreed.
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

Agreements:
· In time domain, a CORESET can be configured with one or a set of contiguous OFDM symbols
·  The configuration can indicate the starting OFDM symbol and time duration
· A CORESET is configured with only one CCE-to-REG mapping


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

In RAN1 NR Ad-Hoc #2, the following was further agreed.
Agreements:
For a 1-symbol CORESET with interleaving, 
· At least REG bundle size = 2 is supported
· Working assumption:
· REG bundle size = 6 is also supported 
· FFS whether configuration between 2 and 6 is explicit or implicit
· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
For a 2 or 3 symbol CORESET with interleaving, 
· At least REG bundle size = CORESET length is supported
· Working assumption:
· REG bundle size = 6 is also supported 
· FFS whether configuration between CORESET length and 6 is explicit or implicit
· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain

The following was agreed in RAN1#90:
Agreements:
· Working assumptions are confirmed with the following details.
· For 1/2/3-symbol CORESET, REG bundle size of 6 is supported.
· A REG bundle size is as part of CORESET configuration for a CORESET configured by UE-specific higher-layer signalling.
· FFS: CORESET(s) configured by non UE-specific signaling.
· UE assumes that precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
· FFS: gNB can inform to the UE whether or not to assume the same precoder over multiple REG bundles.
· Note: more than one CORESET(s) with the UE-specific higher-layer signaling can be configured for the same UE

Agreements:
· Interleaving operates on REG bundles
· FFS: interleaving in the case if and when gNB informs to the UE to assume the same precoder over multiple REG bundles

Agreements:
· For interleaving CORESET, the interleaving pattern is derived by the CORESET configuration and is not dependent on other CORESET configuration.
· Note: 
· Following metrics can be considered
· Good frequency distribution of REG bundles within the CORESET
· Blocking probability for potential overlapped CORESET(s)
· Inter-cell/inter-TRP interference randomization

Agreements:
· DMRS density for a CORESET is down-selected between 1/3 or 1/4.
· FFS: need of additional DMRS density.
· Sequence, density, and applicability of MU-MIMO is still under discussion

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

In this contribution, we discuss some of the open design choices from the agreements above and the mapping of NR-PDCCH onto REGs and CCEs in time and frequency. The structure of the DM-RS is also addressed.
Discussion
[bookmark: _GoBack]In the following section, we discuss the overall structure of the NR-PDCCH. In Section 2.2, the DMRS density and structure is discussed based on evaluations.
Structure of NR-PDCCH
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.
The basic structure as supported by the current agreements may be summarized as follows. 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. 
Considering the above, we propose the following.
Proposal: Each CORESET follows one of the following numbering and mapping schemes.
· The physical REGs are numbered in a time first manner
· Virtual REG numbers are generated from physical REGs using one of the following
· an interleaved mapping of virtual REGs to physical REGs
· a non-interleaved mapping of virtual REGs to physical REGs

The CCEs can then be numbered in increasing order based on their lowest virtual REG numbers. The NR-PDCCH can be mapped to the REs in a set of contiguous CCEs allocated for the NR-PDCCH. We propose that this mapping is done frequency first within a REG and in increasing order of REG numbers (as per the configured CCE to REG mapping) across REGs, and in increasing order of CCE numbers across CCEs.
Proposal: The NR-PDCCH is mapped frequency first within a REG, in increasing order of virtual REG numbers within a CCE and in increasing order of CCE numbers across CCEs.

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 time first mapping and two CORESETs of 24 PRBs each in each of 2 OFDM symbols is assumed for frequency first mapping. 
 [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.
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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. 
An aspect left for further study was whether the gNB can inform the UE to assume the same precoder over multiple REG bundles. There doesn’t seem to be any reason to assume this at least for interleaved mapping of REGs to CCEs. For non-interleaved mapping, a better case could be made to let the UE assume this at least for REG bundles that are contiguous. However, we don’t see the need to consider this especially since a REG bundle size of 6 can be configured. We therefore propose the following.
Proposal: The UE shall not assume that the precoder between any two REG bundles is common 

Whether precoder cycling should be used in the time domain has also been left for further study. Considering that having CORESETs of duration more than one OFDM symbol implies that we will most likely have time first mapping as per the current agreements with REG bundles defined across the length of the CORESET in time, neither does precoder cycling in the time domain fit into the NR-PDCCH structure, nor is it necessary.
DMRS density for NR-PDCCH
the NR-PDCCH, DM-RS density per REG is ¼, at least for normal CP, was agreed as a working assumption with orthogonal DMRS for MU-MIMO being left for further study. To evaluate if the working assumption should be confirmed the performance of PDCCH is evaluated for different parameters as introduced next. 

The density of DMRS impacts the channel estimation quality. However, channel estimation quality also depends on the number of PRBs with DMRS that can be aggregated together for purpose of channel estimation with a greater number of contiguous PRBs resulting in better channel estimation performance. On the other hand, when distributed transmissions are used, frequency diversity also is important to boost performance. Therefore, to benefit both from good channel estimation as well as frequency diversity when distributed transmission is used, it is important to determine the number of REGs that should be kept together, in addition to DMRS density. Hence, the performance of PDCCH is simulated for values of DMRS densities. Single-port precoder cycling is used as the transmit diversity scheme as agreed.

For the NR-PDCCH performance evaluation, we have made the following assumptions:
· Single-port precoder cycling as TxD scheme
· CCE of 6 REGs consisting of 6x12 sub-carriers 
· Aggregation levels AL= 1, 2, 4 and 8
· DCI sizes of PL=20 and 60 bits with 16 CRC bits
· DMRS density of Rd= 16.55, 25% and 33.33%
· X=2 contiguous REGs in a CCE
· Distributed transmissions
With distributed transmissions the clusters of contiguous REGs are equally distributed in the frequency domain within the control resource set.  Based on the above assumptions, Table 1 shows the number of clusters of contiguous REGs denoted by Nc in frequency domain for a given aggregation level. 
Table 1: The number of clusters, Nc, of X=2 contiguous REGs distributed in freq. domain for distributed transmission
	Aggregation Level
	Number of clusters with X= 2 contiguous REGs per cluster

	1
	3

	2
	6

	4
	12

	8
	24



Figure 1-Figure 4 show the BLER performance of PDCCH on TDL A-30ns@3km/h and TDL B-300ns@3km/h channel models for different DMRS density values
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[bookmark: _Ref485407509]Figure 1: PDCCH BLER based on single port precoder cycling and TDL A-30ns channel model@3 km/h, assuming PL=60 payload bits, with CCE of 6 REGs and Nc=24 clusters of X=2 contiguous REGs and different DMRS densities
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Figure 2: PDCCH BLER based on single port precoder cycling and TDL B-300ns channel model@3 km/h, assuming PL=60 payload bits, with CCE of 6 REGs and Nc=24 clusters of X=2 contiguous REGs and different DMRS densities

[image: ]
Figure 3: PDCCH BLER based on single port precoder cycling and TDL A-30ns channel model@3 km/h, assuming PL=20 payload bits, with CCE of 6 REGs and Nc=24 clusters of X=2 contiguous REGs and different DMRS densities
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Figure 4: PDCCH BLER based on single port precoder cycling and TDL B-300ns channel model@3 km/h, assuming PL=20 payload bits, with CCE of 6 REGs and Nc=24 clusters of X=2 contiguous REGs and different DMRS densities
Considering all the results, we can observe from the evaluations that the use of a pilot density of 25% is the best option since a higher pilot density doesn’t provide any additional meaningful gain at higher aggregation levels and the loss compared to the higher density is not too great at aggregation level 1. Based on the discussion in this and the previous section, we propose the following.
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 fixed locations uniformly distributed within the REG for all REGs for NR-PDCCHs with both interleaved and non-interleaved REG-to-CCE mapping.
· DMRS sequence generation can be done as in LTE based on Gold sequences.

Conclusion
This contribution discussed some aspects related to the structure of the NR-PDCCH and the size of REG bundles and proposed the following.
Proposal: Each CORESET follows one of the following numbering and mapping schemes.
· The physical REGs are numbered in a time first manner
· Virtual REG numbers are generated from physical REGs using one of the following
· an interleaved mapping of virtual REGs to physical REGs
· a non-interleaved mapping of virtual REGs to physical REGs

Proposal: The NR-PDCCH is mapped frequency first within a REG, in increasing order of virtual REG numbers within a CCE and in increasing order of CCE numbers across CCEs.

Proposal: The UE shall not assume that the precoder between any two REG bundles is common.
Proposal: 
· A UE assumes three DM-RS REs per REG in fixed locations uniformly distributed within the REG for all REGs for NR-PDCCHs with both interleaved and non-interleaved REG-to-CCE mapping.
· DMRS sequence generation can be done as in LTE based on Gold sequences.
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