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1 Introduction
In the previous RAN1 meetings, the followings were agreed regarding the PDCCH design [1, 2]. 
RAN1#89 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

RAN1-NR#2 Agreement:
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

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

2 Resource mapping aspects for PDCCH
2.1 REG bundling size configuration
For a CORESET with interleaving, it was agreed that 2-symbol REG bundling in frequency domain is supported for 1-symbol CORESET, and 2- and 3-symbol REG bundling in time domain are supported for 2- and 3-symbol CORESET, respectively. It was further agreed as working assumption that to support REG bundling size of 6 to enhance the channel estimation accuracy in lower SNR regime (i.e., for higher aggregation levels). In case of REG bundling size of 6, a CCE is localized in both time and frequency domain and a PDCCH candidate composed of multiple CCEs according to a given aggregation level is distributed in the unit of CCE in the frequency domain. 
Figure 1 and 2 show the PDCCH BLER performances depending on REG bundling sizes for various CORESET duration. As expected 6-REG bundling shows the best performance for high aggregation levels such as AL=8. More specifically, the performance gain from 6-REG bundling over 2-REG bundling is remarkable for 1-symbol CORESET, while, it seems very marginal for 2- and 3-symbol CORESET. The benefit of 6-REG bundling decreases as delay spread increases, i.e., performance between 6-REG bundling and 2- or 3-REG bundling becomes similar and this is because of the high frequency selectivity. Therefore, we can conclude that 6-REG bundling is adequate for the specific scenarios.
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(a) 1-symbol CORESET                       (b) 2-symbol CORESET                    (c) 3-symbol CORESET

Figure 1. Performance comparison for different REG bundling sizes when delay spread is 300ns
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Figure 2. Performance comparison for different REG bundling sizes when delay spread is 1000ns

Observation 1: The REG bundling size 6 shows the best performance for higher aggregation levels.
Observation 2: The benefit of 6-REG bundling disappears for high delay spread environment.
The REG bundling size can be informed to a UE explicitly by higher layer signalling. This is very straight forward approach based on the fact that a CORESET is configured by dedicated RRC signalling for connected UE. Of course, REG bundling size for a CORESET configured by MIB (e.g., CSS CORESET during initial access) should be specified as a fixed value. Explicit signalling has benefits of that gNB can freely decide the REG bundling size and apply it UE-specifically based on many of parameters such as channel quality/statics of that UE and blocking probability considering the number of UEs. For example, gNB can configure a larger REG bundling size for a cell-edge UE who are probably going to receive PDCCH through higher aggregation levels. 
Without dedicated signalling, the REG bundling size can be determined in the implicit way based on various system parameters such as CORESET related parameters. As an alternative, different REG bundling size can be assumed for each aggregation level for a given CORESET duration. For example, it can be used that 2-REG bundling for AL = 1, 2 and 6-REG bundling for AL = 4, 8 for 1-symbol CORESET. Or, 2-REG bundling for AL = 1, 2, 4 and 6-REG bundling for AL = 8 can be considered for 2-symbol CORESET. The UE may blindly decode each PDCCH candidate based on the different REG bundling assumptions. 
However, using different REG bundling size per aggregation level restricts the possibility of reusing channel estimation over multiple aggregation levels. A PDCCH candidate is distributed in the time/frequency resources with the REG bundling size. If different REG bundling size is used for each aggregation level, the UE should assume different interleaving patterns for PDCCH candidates for blind decoding. Therefore, it is impossible to reuse channel estimation over multiple aggregation levels. Another disadvantage of implicit signalling may be that all of UEs may have the same assumptions for a given CORESET configuration although each UE has in different channel environment. Therefore, it is preferred to use explicit signalling for REG bundle size configuration

Proposal 1: A REG bundle size is explicitly configured to UE by higher layer signalling.

For interleaved REG-to-CCE mapping, the sub-block interleaver used in LTE for REG interleaving can be the baseline. However, the input and output to the interleaver should be defined by the symbol groups corresponding to a REG bundle. 

Proposal 2: For interleaved PDCCH, the interleaving function is performed based on the granularity of symbol groups corresponding to a REG bundle.
2.2 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 BLER performance. 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 to 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 non-interleaved 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 3: A UE can be configured a number of REG bundles to assume same precoder for both interleaved/non-interleaved PDCCH transmissions.
3 Conclusion

This contribution discussed remaining issues on resource mapping for PDCCH design based on the agreement in the previous RAN1 meetings. Following proposals were made as below.
Proposal 1: A REG bundle size is explicitly configured to UE by higher layer signalling.
Proposal 2: For interleaved PDCCH, the interleaving function is performed based on the granularity of symbol groups corresponding to a REG bundle.
Proposal 3: A UE can be configured a number of REG bundles to assume same precoder for both interleaved/non-interleaved PDCCH transmissions.
Following observations were captured as below.
Observation 1: The REG bundling size 6 shows the best performance for higher aggregation levels.

Observation 2: The benefit of 6-REG bundling disappears for high delay spread environment.
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Appendix
Table 1. Link level simulation parameters
	Attributes 
	Values or Assumptions 

	Carrier Frequency 
	4GHz

	System Bandwidth
	20MHz

	DCI Payload Size 
	76 bits (including 16 bits CRC)

	Modulation 
	QPSK

	Channel coding
	TBCC

	Sub-carrier spacing 
	15kHz

	Channel model 
	TDL-C

	Delay spread
	300ns, 1000ns

	Velocity
	3km/h

	Antenna configuration 
	2 x 2

	Transmission scheme
	1 port precoder cycling

	DMRS overhead
	1/4

	RE mapping
	Time-first mapping

	REG bundling size
	2-bundle, 6-bundle for 1-symbol CORESET
2-bundle, 6-bundle for 2-symbol CORESET
3-bundle, 6-bundle for 3-symbol CORESET

	Channel estimation 
	2D MMSE considering REG bundling

	Interleaving
	Uniform distribution in frequency domain
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