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1. Introduction
In RAN1 #89 [1], the following agreements on NR-PDCCH physical structure have been reached. 
	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 presents our view on remaining details on NR-PDCCH structure, specifically to address above FFS issues. 
2. Discussion
2.1 [bookmark: _Ref485423836]CORESET of one symbol 
According to the agreements summarized above from RAN1#89, in case of CORESET of 1 OS, two options of REG-to-CCE mapping can be configured. Specifically, Opt 1, i.e., non-interleaved mapping, groups consecutive 6 REGs to form one REG bundle to be mapped to one CCE. One of the remaining question is whether UE can assume same precoding for multiple REG bundles. 
The main intention of opt 1 non-interleaved REG-to-CCE mapping is to support localized PDCCH transmission so as to benefit from frequency selective scheduling and better beamforming gain. In case of less frequency selective fading or flat fading channel, same precoding can be preferred for a larger frequency bandwidth than 6 REGs in frequency. Moreover, in such channel condition, channel estimation performance can be improved by using same precoding for multiple REG bundles. As such, it can be beneficial to allow UE to assume same precoding over multiple REG bundles if gNB has good CSI of the UE and envisions the potential performance gain from same precoding over multiple REG bundles.     
[bookmark: p1]Proposal 1: For non-interleaved REG-to-CCE mapping in 1-symbol CORESET, UE assumption of same precoding over multiple REG bundles can be configured by the gNB. 
In the opt. 2 of REG-to-CCE mapping for 1-symbol CORESET, several (2 or 3 or 6) REGs are grouped to form a REG bundle, and interleaved REG bundles in the CORESET are mapped to a given CCE. 
The objective of Opt. 2 is to generate distributed CCE so that more frequency diversity can be achieved by the CCE. It is envisioned that distributed CCE is desired in the situation that gNB has limited CSI for the UE or the PDCCH carries the DCI for a group of UEs. Even for the case of distributed mapping, the UE may be indicated to assume the same precoding across an REG bundle. Alternatively, multiple REG bundling sizes may be supported via configuration.
Given that the interleaving for distributed PDCCH has been agreed to be performed at the REG bundle granularity, maintaining a relatively small REG bundle size but then allowing a UE to assume same precoding across neighboring REG bundles may offer a reasonable trade-off between channel estimation improvement and frequency diversity gains by effectively decoupling the building blocks for application of precoding cycling and interleaving.
However, the benefits of the first option of allowing assumption of same precoding over multiple REG bundles with a comparatively small REGB size depends on the relative performance between the small REGB size and the equivalent larger REGB size.
Towards this, we compare the relative performance for distributed PDCCH using different REGB sizes as described next.     
According to above agreements, for interleaved REG-to-CCE mapping in 1-symbol CORESET, the possible options for REG bundle sizes are {2}, {3}, {2,3}, {2,6}, {3,6}, {2,3,6}. It is FFS to down select a set of supported REG bundle sizes. In principle, if all possible values are supported, the maximum flexibility of choosing a suitable REG bundle size in a UE specific manner can be achieved. However, the large optimization space would cause additional complexity for both network and UEs. 
To make a sensible down-selection, the actual performances of these REG bundle sizes should be understood. The BLER performances of REG bundle sizes of 2 and 3 are evaluated in [2], it is observed from figure 2 in [2] that performances of REG bundle sizes of 2 and 3 are quite similar in general. While the performance of REG bundle size of 3 is slightly better than that of REG bundle size of 2 in low SNR for high AL PDCCH, REG bundle size of 2 slightly outperforms REG bundle of 3 in high SNR for AL1 PDCCH. 
In this paper, we further compare the performances of REG bundle size of 3 and 6 so as to have complete picture of performance comparisons among all three options. The simulation parameters are described in Appendix. 
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(a) TDL-A, DS 30 ns
	[image: ]
(b) TDL-A, DS 1000 ns


Figure 1. 3 REGs/REGB vs 6 REGs/REGB, DCI: 60b, CORESET of 1 OS and 48 RBs
Based the above simulation results in Fig. 1, we have the following observations.
Observation 1: In case of CORESET of 1 OS and 48 RBs, REGBs of 3 and 6 REGs exhibit similar performance. While REGB of 6 REGs shows slightly better performance than REGB of 3 REGs for high AL NR-PDCCH in low SNR, the performance of REGB of 3 REGs is slightly better than that of REGB of 6 REGs for low AL NR-PDCCH in high SNR. 
Although some performance differences among 2-, 3- and 6-REG based REGB are illustrated, the observed performance differences are hard to motivate the needs to support more than one REG bundle size for 1-symbol CORESET case. 
Thus, a good trade-off can be realized by supporting REG bundling size of 3 REGs while allowing indication to the UE for assumption of same precoding across neighboring REG bundles. Specifically, with such a configuration, for high AL candidates, the performance of 6 REG bundle size in Figure 1 can be achieved with 3 REG bundle size and assumption of same precoding across two neighboring REG bundles.
[bookmark: p3]Proposal 2: For interleaved REG-to-CCE mapping in 1-symbol CORESET, REG bundle size is 3REGs and UE assumption of same precoding over multiple REG bundles can be configured by the gNB.   
2.2 Multi-symbol CORESET with time-first mapping of REG-to-CCE
Similar to 1-symbol CORESET, both non-interleaved and interleaved REG-to-CCE mapping are also agreed for CORESET of several symbols to support localized and distributed PDCCH transmission, respectively. Due to similar reasons described in Section 2.1, for localized PDCCH transmission with non-interleaved REG-to-CCE mapping, in order to further enhance the channel estimation performance, it can be beneficial to support multiple REG bundles using same precoding and make this knowledge aware to the UE. 
[bookmark: _GoBack]For distributed PDCCH with multi-symbol CORESET and time-first mapping of REG-to-CCE, we performed similar BLER simulations for different REG bundling sizes. Specifically, considering REGB definition in both time and frequency for multi-symbol CORESETs with time-first mapping, for CORESET of 2 symbols, REG bundle sizes of 2- and 6-REG are compared, and for CORESET of 3 symbols, 3- and 6-REG based REG bundle sizes are evaluated.
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(a) TDL-A, DS 30 ns
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(b) TDL-A, DS 1000 ns



Figure 3. 2 REGs/REGB vs 6 REGs/REGB, DCI: 60b, CORESET of 2 OS and 24 RBs
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Figure 4. 3 REGs/REGB vs 6 REGs/REGB, DCI: 60b, CORESET of 3 OS and 16 RBs
Based the above simulation results in Figs. 3 and 4, we have the following observations.
Observation 2: In case of CORESET of 2(3) OS and 24(16) RBs, REGBs of 2(3) and 6 REGs exhibit similar performance. Specifically REGB of 6 REGs shows slightly better performance than REGB of 2(3) REGs for high AL NR-PDCCH in low SNR. 
Thus, based on the relatively small performance difference between the smaller and larger REG bundle sizes, and for motivations described in Section 2.1, we propose to adopt a similar approach.
Proposal 3: For non-interleaved REG-to-CCE mapping in CORESET of more than 1 symbol with time-first mapping of REG-to-CCE, UE assumption of same precoding over multiple REG bundles can be configured by the gNB. 
Proposal 4: For interleaved REG-to-CCE mapping in CORESET of more than 1-symbol with time-first mapping of REG-to-CCE, REG bundle size is 2 REGs and 3 REGs for 2-symbol and 3-symbol CORESETs respectively, and UE assumption of same precoding over multiple REG bundles can be configured by the gNB.
While the approach of allowing a UE to assume same precoding across multiple neighboring REG bundles can be beneficial, the number of such REGBs over which the same precoding may be applied should be limited such that the effectiveness of precoding-cycling based spatial diversity can be realized for distributed PDCCH and frequency selective precoding benefits can be realized for localized PDCCH in frequency selective channels. However, for localized PDCCH, depending on the frequency span and the particular channel characteristics in terms of frequency selectivity, the same precoding may be applied to the entire PDCCH candidate as well.
Proposal 5: At least for interleaved REG-to-CCE mapping in 1-symbol and multi-symbol CORESETs with time-first mapping, when configured, the same precoding may be assumed across no more than [2] REG bundles.
2.3 Support of additional REG-to-CCE mapping options for multi-symbol CORESETs
The following additional REG-to-CCE mapping options were identified at the RAN1 #89 meeting:
· Option 1: Support of time-domain precoder cycling using frequency-first mapping from REG-to-REG bundles, and time-first from REG bundle-to-CCE (“Support REG bundle in time-domain being equal to 1 symbol”)
· Option 2: Support of frequency-first mapping such that:
· 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
While the first option is primarily motivated towards support of time-domain precoder cycling involving analog beamforming, the latter primarily aims for improving PDCCH capacity. For the support of analog beamforming, it is much simpler to associate different BPLs to different CORESETs on different OFDM symbols, instead of following Option 1, which can lead to significant complexity in the interleaver design. On the other hand, it can be beneficial to support Option 2 as an extension of the 1-symbol CORESET case to multi-symbol case to address PDCCH capacity.   
[bookmark: p6]Proposal 6: For multi-symbol PDCCH CORESET, adopt the following additional REG-to-CCE mapping option:
· (Option 2) Support of frequency-first mapping such that:
· 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.
2.4 Interleaver options for distributed PDCCH
One important remaining detail related to PDCCH structure involves the design of suitable interleaver for interleaving of the REG bundles. While the optimal choice of the interleaver needs further investigations depending on the finalization of the REG bundling and REG-to-CCE mapping options discussed above in this contribution, the following characteristics can be considered based on the agreements made so far:
· The same interleaver (I0) can be used for PDCCH with 1-symbol CORESET and PDCCH with multi-symbol CORESET with time-first mapping of REG-to-CCE
· For PDCCH with multi-symbol CORESET, if Option 2 is adopted as the additional REG-to-CCE mapping option, interleaver I0 can be used with application of cyclic shifts defined as a function of the symbol index within the CORESET.
  
3. Conclusions
Given the discussion above, our proposals in this contribution are summarized as follows.
Observation 1: In case of CORESET of 1 OS and 48 RBs, REGBs of 3 and 6 REGs exhibit similar performance. While REGB of 6 REGs shows slightly better performance than REGB of 3 REGs for high AL NR-PDCCH in low SNR, the performance of REGB of 3 REGs is slightly better than that of REGB of 6 REGs for low AL NR-PDCCH in high SNR. 
Observation 2: In case of CORESET of 2(3) OS and 24(16) RBs, REGBs of 2(3) and 6 REGs exhibit similar performance. Specifically REGB of 6 REGs shows slightly better performance than REGB of 2(3) REGs for high AL NR-PDCCH in low SNR.
Proposal 1: For non-interleaved REG-to-CCE mapping in 1-symbol CORESET, UE assumption of same precoding over multiple REG bundles can be configured by the gNB. 
Proposal 2: For interleaved REG-to-CCE mapping in 1-symbol CORESET, REG bundle size is 3REGs and UE assumption of same precoding over multiple REG bundles can be configured by the gNB. 
Proposal 3: For non-interleaved REG-to-CCE mapping in CORESET of more than 1 symbol with time-first mapping of REG-to-CCE, UE assumption of same precoding over multiple REG bundles can be configured by the gNB.  
Proposal 4: For interleaved REG-to-CCE mapping in CORESET of more than 1-symbol with time-first mapping of REG-to-CCE, REG bundle size is 2 REGs and 3 REGs for 2-symbol and 3-symbol CORESETs respectively, and UE assumption of same precoding over multiple REG bundles can be configured by the gNB.
Proposal 5: At least for interleaved REG-to-CCE mapping in 1-symbol and multi-symbol CORESETs with time-first mapping, when configured, the same precoding may be assumed across no more than [2] REG bundles.
Proposal 6: For multi-symbol PDCCH CORESET, adopt the following additional REG-to-CCE mapping option:
· (Option 2) Support of frequency-first mapping such that:
· 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.
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Appendix
Table 1. Link level simulation parameters
	Parameters
	Value

	Channel model
	TDL-A 
Delay scaling: 30 and 1000ns

	UE speed [kmph]
	3

	Channel coding
	TBCC 

	Number of gNB transmit antennas
	2

	Number of UE receive antennas
	2

	Numerology [KHz]
	15

	System bandwidth [MHz]
	20

	DCI payload size [Bits]
	60

	CORESET PRB set for distributed transmission
	[1:48] for CORESET of 1 OS;
[1:24] for CORESET of 2 OS;
[1:16] for CORESET of 3 OS.

	Number of control symbols
	1, 2 and 3.

	Number of REGs/CCE
	6

	REG bundling
	Bundling of 3 and 6 REGs in frequency domain for 1-symbol CORESET;
Bundling of 2 and 6 REGs in time and frequency domain for 2-symbol CORESET;
Bundling of 3 and 6 REGs in time and frequency domain for 3-symbol CORESET;

	REG-To-CCE
	Interleaved REGB index numbering.

	Aggregation levels
	1, 2, 4 and 8

	Transmission scheme
	per-REGB precoder cycling.

	Channel estimation
	MMSE, averaging over REGB. 

	UE receiver
	MMSE
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