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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 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 size of a CCE in terms of the number of REGs is addressed in [2].
Discussion
In the following section we discuss the overall structure of the NR-PDCCH. In Section 2.2, the choice of a REG bundle size is discussed based on evaluations.
Structure of NR-PDCCH
A Resource Element Group (REG) will be defined as spanning 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. There is a trade-off between channel estimation performance and achievable frequency diversity with fewer REGs in a group of contiguous REGs providing more frequency diversity while more REGs in a group having potential benefits in channel estimation performance. The evaluations in Section 2.2 show that there is not much benefit in expanding the number of contiguous REGs beyond 2. 
The basic structure may be summarized as follows. Each CORESET has multiple REGs within it with the REGs being numbered either in a frequency-first or 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 discontiguous 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 mapping schemes.
· Time first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and 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.
[image: ]
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. 

Whether the UE can assume the same precoder across multiple REG bundles has been left for further study. 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.
Proposal: 
· The UE shall not assume that the precoder between any two REG bundles is common for interleaved mapping of REGs to CCEs.
· [bookmark: _GoBack]The UE may assume that the precoder for all REG bundles that are contiguous is common for non-interleaved mapping of REGs to CCEs.

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.
[bookmark: _Ref485213053]REG Bundle Size for NR-PDCCH
The performance of PDCCH depends on channel estimation quality which depends on the number of PRBs with DMRS that can be aggregated together for purpose of channel estimation. A greater number of contiguous PRBs results 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 processed together to generate a single channel estimate. We evaluate the performance of PDCCH for a DMRS density of 25% in combination with different numbers of REGs that are kept together for distributed transmissions. A density of 25% is chosen based on the evaluations presented in[2]. Single-port precoder cycling is used as the transmit diversity scheme as agreed.
To summarize, for the NR-PDCCH performance evaluation, the following is assumed:
· 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= 25%
· X=2 and 3 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 and a given number of contiguous REGs. 
[bookmark: _Ref477377606]Table 1: The number of clusters, Nc, of X contiguous REGs distributed in freq. domain for distributed transmission for various aggregation levels 
	Aggregation Level
	Number of contiguous REGs (X)

	
	X=2
	X=3

	1
	3
	2

	2
	6
	4

	4
	12
	8

	8
	24
	16
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[bookmark: _Ref481587851]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 clusters of X=2 contiguous REGs and a DMRS density of 25% 

[image: ]
[bookmark: _Ref478081526]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 clusters of X=2 contiguous REGs and a DMRS density of 25%
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[bookmark: _Ref481588177]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 clusters of X=2 contiguous REGs and a DMRS density of 25%
[image: ]
[bookmark: _Ref478081533]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 clusters of X=2 contiguous REGs and a DMRS density of 25%
Figure 1 and Figure 2 show the BLER performance of PDCCH on TDL A-30ns@3km/h and TDL B-300ns@3km/h channel models with different number of distributed clusters for X=2 REGs or X=3 REGs in frequency domain for a payload size of 60 bits. Figure 3 and Figure 4 show similar results for a payload size of 20 bits.
[bookmark: _Ref462125875]From the figures it is apparent that the use of X=2 is similar to the performance obtained with X=3 at higher aggregation levels. For the results shown here for an aggregation level of 8, for instance, sufficient frequency diversity is achieved even with X=3 contiguous REGs (16 clusters spread across the control resource set) instead of X=2 (24 clusters spread across the control resource set). However, for aggregation level 1 NR-PDCCH, use of X=3 REGs results in only 2 clusters whereas use of X=2 contiguous REGs provides 3 clusters spread across the control resource set. In this case, the frequency diversity gains with the use of X=2 instead of X=3 are greater than the relative loss in channel estimation performance which results in a performance benefit with the use of X=2 for the REG bundling size. Considering that a REG bundle size of 2 is better than 3, we consider a REG bundle size of 6 as being unnecessary to consider and a REG bundle size of 2 is adequate for frequency first mapping which is used when the duration of the CORESET is one symbol. 
When the CORESET spans multiple symbols, it has been agreed to use time first mapping. In this case, it is simplest to use a REG bundle size that is equal to the length of the CORESET so that each REG bundle doesn’t span multiple REGs in frequency. The REG bundles can then be interleaved across frequency so that the interleaving is the same for each OFDM symbol. Considering the above, we propose the following.
Proposal: A REG bundle size of 2 is used for a CORESET with a length of 1 OFDM symbol. A REG bundle size equal to the length of the CORESET in time when the CORESET spans multiple OFDM symbols and time-first mapping of REGs to CCEs is used.

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 mapping schemes.
· Frequency first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Frequency first numbering of physical REGs and non-interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and 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 for interleaved mapping of REGs to CCEs.
· The UE may assume that the precoder for all REG bundles that are contiguous is common for non-interleaved mapping of REGs to CCEs.

Proposal: A REG bundle size of 2 is used for a CORESET with a length of 1 OFDM symbol. A REG bundle size equal to the length of the CORESET in time when the CORESET spans multiple OFDM symbols and time-first mapping of REGs to CCEs is used.
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