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1 Introduction
In RAN1#89 the following were agreed regarding aspects of the PDCCH design [1]. 
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

Working assumptions:
· For a time-duration of a CORESET:

· Support 1-3 OFDM symbol as time duration for a CORESET on the NR carrier with less than or equal to X PRBs
· Support 1-2 OFDM symbol as time duration for a CORESET on the NR carrier with wider than X PRBs
· FFS: X values

· FFS: Other time duration

· FFS: Relationship of a first PDSCH DMRS symbol with one or more symbols of a CORESET for slot-based scheduling
· FFS: restriction in the certain conditions

This contribution discusses remaining FFS issues related to resource mapping PDCCH. 

2 Resource mapping aspects for PDCCH
2.1 REG-to-CCE mapping for a CORESET with a 1-symbol
Down selection of REG bundling size

A REG bundle is the basic unit to construct a CCE with localized or distributed mapping. As shown in Figure 1, a 2-REG bundle provides a good tradeoff of improved channel estimation accuracy and frequency diversity, which can be a proper choice on the REG bundle size. For CORESETs supporting only interleaved CCE-to-REG mapping (need not be explicitly known to a UE), such as for example for a CORESET supporting CSS for initial access, a larger REG bundle size can improve coverage (i.e. provide material gains at SINRs around -6 dB) and reduce the coverage gap between NR PDCCH and LTE PDCCH that uses a wideband CRS. More simulation results and details of simulation assumptions can be found in our companion contribution [2].
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Figure 1: BLER performances depending on REG bundling sizes for interleaved PDCCH with 1-symbol.
Proposal 1: REG bundle size of 2 is supported for interleaved PDCCH in a CORESSET with 1-symbol. 
Use of same precoder across multiple REG bundles
For non-interleaved PDCCH, multiple CCEs can be contiguously located in frequency-domain to maximize the beamforming gain from the subband PMI feedback. Therefore, as for localized EPDCCH in LTE, it should be possible to use same precoder across for the contiguously allocated multiple CCEs. If a UE can be aware that a same precoder is used across the CCEs for a same PDCCH candidate, it can obtain a more accurate channel estimate with maintaining beamforming gain and therefore improve PDCCH BLER. Several alternatives can be considered to make a UE can be aware of a same precoder over the REG bundles. 
For Alt#1, the gNB can explicitly inform by higher layer signalling the UE whether or not to assume the same precoder across multiple CCEs of a PDCCH candidate. The gNB can inform the number of CCEs the UE can assume to use same precoder. For Alt#2, use of same precoder across multiple CCEs is default for a non-interleaved PDCCH transmission with aggregation level of multiple CCEs. Unless the larger CCE aggregation levels are not supported, Alt.2 can require use of the same precoder over a BW that is larger than the PMI frequency granularity. For example, for a CORESET duration of 2 OFDM symbols and an aggregation level of 4 CCEs (or 8 CCEs), the PDCCH transmission is over 12 RBs (or 24 RBs). Therefore, Alt. 1 is preferable and can be supported as for distributed PDCCH transmissions.
For interleaved PDCCH, trade-off between channel estimation accuracy and frequency diversity should be carefully studied to decide whether or not to use same precoder for multiple REG bundles since TxD scheme such as precoder cycling can be used for this case. Regarding to this, it is shown that using/assuming same precoder for multiple REG bundles have benefit in terms of BLER performance by simulation results in [3]. Therefore, even for interleaved PDCCH, it can be beneficial.

Proposal 2: A UE can be configured a number of REG bundles to assume same precoder for both interleaved/non-interleaved PDCCH transmissions.
2.2 REG-to-CCE mapping for a CORESET with more than 1-symbol

2.2.1 Time-first mapping
It is agreed that at least time-first mapping for REG-to-CCE mapping is supported for a CORESET configured with more than 1-symbol. REG bundling can be defined in both time-domain and frequency-domain for more than 1-symbol case. Time-domain REG bundling is supported and the bundling size is equal to the CORESET duration. Since time-duration of CORESET can be 1-3 OFDM symbols, 2 or 3 REG bundling size can be supported in the time-domain. Only remaining issue is whether or not to support the frequency-domain REG bundling. It is noted that this discussion is only applicable for the case that each REG includes DMRS sub-carriers (i.e. REGs with DMRS are not located only in the first CORESET symbol).

For 2-symbol and 3-symbol CORESET duration, 3 REGs and 2 REGs can be further bundled, respectively, in frequency-domain. Resultant bundling size becomes 6. As discussed above higher bundling size causes loss in frequency diversity. In Figure 2, the performance of 2-REG bundle in time domain is evaluated for 2-symbol CORESET if all REGs have DMRS. It is observed that the performance is quite similar for frequency domain contiguous 2-REG bundle and time domain contiguous 2-REG bundle. This implies that 2-REG bundling is enough to achieve enough channel estimation accuracy. Therefore, additional REG bundling in frequency-domain is not necessary since it can reduce frequency diversity gain for interleaved PDCCH transmissions. It is noted that this does not imply that the UE cannot be configured to assume a same precoder over a number of consecutive RBs that is larger than the REG bundle size. Instead, the REG bundle size is the unit for interleaving REGs of a same CCE and for which the UE can always assume use of a same precoder.
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Figure 2: BLER performances for time-domain REG bundling of interleaved PDCCH with 2-symbol.
Proposal 3: Only time-domain REG bundling over the number of CORESET symbols is supported for an interleaved PDCCH in a CORESSET with more than 1-symbol if all REGs include DMRS sub-carriers. 
2.2.2 Frequency-first mapping
Whether or not to support frequency-first mapping for REG-to-CCE mapping or not is FFS. Pros and cons of frequency-first mapping are analysed in contribution [3]. In general, the behaviour of frequency-first mapping can be obtained by configuring a CORESET with one symbol duration (multiple CORESETs can of course also be configured). For a CORESET with multiple symbols, frequency-first mapping is detrimental in terms of coverage, support of non-interleaved PDCCH and, possibly, DMRS overhead. Therefore, there is no identifiable reason where support for frequency-first mapping is essential to NR operation. 

One suggested reason to support frequency-first mapping is to support time-domain precoder cycling within a CORESET configured with more than 1-symbol. In this case, time-first mapping for CCE-to-PDCCH should also be supported to transmit a PDCCH over the multiple symbols using different precoders. There are several issues with such an approach. First, at least the NR UE complexity and testing for implementing PDCCH detection is increased. Second, if at all supported, a nested search space is inapplicable or the design becomes increasingly complicated. Third, the motivation and benefit for supporting time-domain precoder cycling is highly questionable. For example, a motivation given was to transmit PDCCH to a UE for which the best beam is unknown. However, this will result to at best the same coverage as when the gNB transmits to the UE a first PDCCH in a first CORESET using a first beam and a second PDCCH in a second CORESET using a second beam. Such beam cycling approach is already extensively considered in NR. 
Therefore, time-domain precoder cycling across multiple CORESETs can be implemented by gNB implementation as multiple CORESETs can be configured for multi-beam transmission. Also, same DCI can be transmitted through the different PDCCH candidates within different CORESETs and they use different beamformers. A UE can jointly decode the PDCCH candidates transmitted via multiple beams to get a DCI. 
Observation 1: There is no need to support frequency-first mapping. Equivalent behaviour results from having a CORESET with 1-symbol duration 
Observation 2: There is no need to support time-domain precoder cycling within a CORESET.
Observation 3: Time-domain precoder cycling across multiple CORESETs can be supported by gNB implementation.
3 Conclusion

This contribution discussed remaining issues on PDCCH design related to resource mapping aspects based on the agreement in the previous RAN1#89 meeting. Following proposals were made as below.
Proposal 1: REG bundle size of 2 is supported for interleaved PDCCH in a CORESSET with 1-symbol.
Proposal 2: A UE can be configured a number of REG bundles to assume same precoder for both interleaved/non-interleaved PDCCH transmissions.
Proposal 3: Only time-domain REG bundling over the number of CORESET symbols is supported for an interleaved PDCCH in a CORESSET with more than 1-symbol if all REGs include DMRS sub-carriers.
Following observations were captured as below.
Observation 1: There is no need to support frequency-first mapping. Equivalent behaviour results from having a CORESET with 1-symbol duration 

Observation 2: There is no need to support time-domain precoder cycling within a CORESET.

Observation 3: Time-domain precoder cycling across multiple CORESETs can be supported by gNB implementation.
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