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1 Introduction

In 3GPP RAN1#89 meeting, REG-to-CCE mapping was discussed and the following agreements were achieved:
· 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

In 3GPP RAN1 Ad hoc meeting in Qingdao, REG-to-CCE mapping with interleaving was discussed and the following agreements were achieved:
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

(Note: REG bundle size = REGs in frequency domain x symbols in time domain)

This contribution mainly discusses frequency-first CCE-to-REG mapping. More details on PDCCH-CCE-REG mapping can be found in our companion contribution [1].   

2 Discussion 
2.1 Frequency-first mapping for a CORESET with 1-symbol
For a 1-symbol CORESET, since there is only one symbol in time domain, CCE-to-REG mapping is actually equal to frequency-first CCE-to-REG mapping, therefore frequency-first mapping is already supported in some extent. As already agreed in 3GPP RAN1#89 meeting, REG bundle of 6 REGs was supported for non-interleaving mapping. As discussed in our companion contributions [1][2], configured REG bundle of 2 or 6 REGs for a 1-symbol CORESET should be supported for interleaved mapping, as shown in Fig.1. An example for PDCCH-CCE-REG mapping with interleaving for a 1-symbol CORESET is shown in Figure 2, where interleaving is using REG bundle groups. More details on interleaving can be found in our companion contribution [1].     

Observation 1: CCE-to-REG mapping for a 1-symbol CORESET is considered as a frequency-first mapping. 
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Figure 1.  Configurable REG bundle for a CORESET with 1-symbol
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Figure 2.  CCE to REG mapping with interleaving for a 1-symbol CORESET

2.2 Frequency-first mapping for a CORESET with more than 1-symbol
For a CORESET with more than 1-symbol, time-first CCE-to-REG mapping was already agreed in 3GPP RAN1#89 meeting. As already agreed in 3GPP RAN1#89 meeting, REG bundle of 6 REGs was supported for non-interleaving mapping. As discussed in our companion contributions[1]

 REF _Ref490061404 \r \h 
[3], configured REG bundle size equal to CORESET length or 6 should be supported for time-first CCE-to-REG mapping with interleaving, as shown in Fig.3. 
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Figure 3. Configurable REG bundle for time-first mapping for a CORESET with 2& 3-symbol
Frequency-first mapping is still FFS for a CORESET with more than one symbol, especially support of 1-symbol REG bundle for a CORESET with more than 1-symbol. It can be observed that frequency-first mapping can bring benefits in the following aspects: 
· More frequency diversity gain: For frequency-first CCE-to-REG mapping, a CCE can experience a more frequency selectivity channel and hence obtain frequency diversity gain. 
· Lower latency: By frequency-first CCE-to-REG mapping, it is possible to fit a PDCCH candidate in one symbol, which will facilitate fast HARQ A/N and/or CSI reporting, especially suitable for service type of URLLC. 
· Better for CORESETs multiplexing: As agreed in study phase, multiple control resource sets can be overlapped in frequency and time for a UE. As shown in Figure 4, a CORSET with 3 symbols and a CORESET with 1 symbol is overlapped partially. From figure 4, we can see that the occupied REGs in the 1-symbol CORESET will block the utilization of the corresponding REG bundle(s) in the 3-symbol CORESETs, which will result in low resource utilization.
· Enable multi-beam operation in a CORESET: By frequency-first CCE-to-REG mapping, a PDCCH candidate would be only transmitted on one symbol, different PDCCH candidates can be transmitted on different symbols. Different candidates on different symbols can be transmitted using different beams. An example is as shown in Fig.5. However, if time-first mapping is used, one PDCCH candidate would occupy all the symbols in a CORESET, which would result in different beams transmission would be available only in frequency domain, which would result in higher requirement on the gNB.  
· Enable effective resource reuse between control and data: By frequency-first CCE-to-REG mapping, it is mostly likely that the occupied control resource would be confined within the first symbol(s), then the remaining whole symbols in a CORESET except the symbol for actual PDCCH candidate transmission can be possible for PDSCH transmission.
One alternative to achieve the above benefits is to configuring 1-symbol CORESETs instead of 2/3-symbol CORESET. However, it may result in the following problems:  

· Large signaling overhead for CORESET configuration: Configuring 1-symbol CORESETs instead of configuring a 2/3-symbol CORESET increases the number of CORESETs to be configured. For example, gNB needs to configured 3 1-symbol CORESETs instead of configuring one 3-symbol CORESET. It can be expected that the CORESET configuration is independently among CORESETs. Therefore, the signaling overhead would increase significantly.
· Large signaling overhead for unused control resource indication in a DCI: Configuring 1-symbol CORESETs instead of configuring a 2/3-symbol CORESET will increase the number of CORESETs to be monitored for a UE. As agreed in study phase, dynamic reuse of at least part of resources in the control resource sets for data is supported in NR. It can be expected that the reuse indication would be per CORESET, thus more CORESETs to be indicated means more bits needed in a DCI, which would increase the DCI payload size. Increasing the DCI payload size may increase the signaling overhead and/or degrade the PDCCH performance. 
· Disable PDCCH transmission with large aggregation level: It can be expected that a PDCCH candidate would be transmitted only in one CORESET. For a 1-symbol CORESET, the aggregation level it can support would be limited by the available bandwidth in frequency domain. For example, a PDCCH candidate with aggregation level 8 would need a 1-symbol CORESET with bandwidth larger than 48 RBs. For a 1-symbol CORESET with bandwidth smaller than 48 RBs, aggregation level equal to or larger than 8 is impossible. High aggregation level is beneficial for increasing PDCCH coverage and also beneficial for URLLC. DCI combining can be used to address this problem, but it would be good not always rely on DCI combining.  
Observation 2: Frequency-first CCE-to-REG mapping can bring benefits in terms of frequency diversity, latency reduction, multiplexing between CORESETs, enabling multi-beam operation in a CORESET, avoiding large signaling overhead for CORESET configuration, avoiding large signaling overhead for reusing control resource for data in a DCI and enabling PDCCH transmission with large aggregation level. 
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Figure 4. Overlapped CORESETs configured with different REG bundle 
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Figure 5. symbol based multi-beam operation for a 3-symbol CORESET 
Based on the above discussion, frequency-first CCE-to-REG mapping should be supported for a CORESET with more than 1-symbol. Therefore, REG bundle in time domain being equal to 1-symbol for a CORESET with more than 1-symbol should be supported. Examples are shown in Fig.5, where REG bundle size in frequency domain being equal to 2 and 6 will be compatible with REG bundle in Fig.1 and Fig.2. For simplicity, REG bundle size in frequency domain could be only 2 and 6 to match the case for 1-symbol CORESET. 
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Figure 6. REG bundle for frequency-first mapping for a CORESET with more than 1-symbol
Correspondingly, based on the frequency-first CCE-to-REG mapping, we can have the PDCCH-CCE-REG mapping as shown in Fig. 7 and Fig.8 for non-interleaving case and interleaving case, respectively. Interleaving should be performed separately and identically on each symbol in the CORESET, where same interleaving mechanism for 1-symbol CORESET can be used, which will be simple but effective implementation for frequency-first CCE-to-REG mapping. More details on interleaving can be found in our companion contribution [1].
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Figure 7. Frequency–first CCE-to-REG mapping without interleaving
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Figure 8. CCE to REG mapping with interleaving for a 2-symbol CORESET

Based on the above discussion we can have the following proposal:
Proposal 1: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping is supported with following REG bundle patterns: 

· REG bundle size in time-domain: 1 symbol

· REG bundle size in frequency domain 

· for non-interleaving: 6 REGs

· for interleaving : {2,6} REGs 
Proposal 2: For frequency-first CCE-to-REG mapping with interleaving for a CORESET with more than 1-symbol, interleaving will be performed separately and identically on each OFDM symbol in the CORESET. 
· Same interleaving mechanism for 1-symbol CORESET is used on each OFDM symbol. 
3 Conclusion
In this contribution, frequency-first CCE-to-REG mapping for NR-PDCCH was discussed. Based on the discussions, we have the following observations and proposals:
Observation 1: CCE-to-REG mapping for a 1-symbol CORESET is considered as a frequency-first mapping.

Observation 2: Frequency-first CCE-to-REG mapping can bring benefits in terms of frequency diversity, latency reduction, multiplexing between CORESETs, enabling multi-beam operation in a CORESET, avoiding large signaling overhead for CORESET configuration, avoiding large signaling overhead for reusing control resource for data in a DCI and enabling PDCCH transmission with large aggregation level.
Proposal 1: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping is supported with following REG bundle patterns: 

· REG bundle size in time-domain: 1 symbol

· REG bundle size in frequency domain 

· for non-interleaving: 6 REGs;
· for interleaving : {2,6} REGs.
Proposal 2: For frequency-first CCE-to-REG mapping with interleaving for a CORESET with more than 1-symbol, interleaving will be performed separately and identically on each OFDM symbol in the CORESET. 
· Same interleaving mechanism for 1-symbol CORESET is used on each OFDM symbol. 
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