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1 Introduction

In 3GPP RAN1#88bis meeting, the following agreements were achieved:

· NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain) 

· Note: The number of contiguous REGs in the CCE needs further discussion. 

· Note: Localized/distributed mapping can be achieved without/with interleaving. 

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

This contribution provides overview of PDCCH-CCE-REG mapping for NR-PDCCH and REG bundling. More details on PDCCH-to-CCE mapping, CCE-to-REG mapping and REG bundling evaluation for a CORESET with 1-symbol and more than 1-symbol can be found in our companion contributions [1][2][3][4]. 
2 PDCCH-CCE-REG mapping

Similar to LTE, The CCE index for NR PDCCH can be defined only in logic domain. Furthermore, CCE numbering can be dependent on CCE-to-REG mapping. As discussed in [2] and following sections, CCE-to-REG mapping can be defined as frequency-first or time-first. Based on the above discussion, we can have the following proposal:
Proposal 1: A NR-PDCCH consists of one or several consecutive logical CCEs. 

2.1 Mapping without interleaving

Based on the agreement in last meeting, Opt.1, i.e., non-interleaved CCE-REG mapping, can be configured for a CORESET with 1-symbol and more than 1-symbol. 6 REGs per CCE are grouped to form a REG bundle. Therefore, REG bundle is actually CCE level. Within one REG bundle, UE will assume the same precoder.

Furthermore, since REG bundle in time domain being equal to CORESET duration was already agreed for a CORESE with 1 and more symbols, The following REG bundle patterns shown in Fig.1 were actually supported, where pattern 0, 1 and 2 are for a CORESET with 1-, 2- and 3-symbol, respectively. 
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Figure 1. Already supported REG bundle patterns for a CORESET 

Correspondingly, we can have the PDCCH-CCE-REG mapping, as shown in Fig. 2.  It can be seen from Fig. 2 below, PDCCH-to-CCE mapping are actually always frequency-first. 

It should be noted that REG bundle pattern 0 consists of 6 consecutive REGs in frequency domain within one symbol. It can be used for a CORESET with more than 1-symbol, to enable frequency-first and time-first PDCCH-to-CCE mapping, as shown in Fig. 3.  It can be seen from Fig.3 below, PDCCH-to-CCE mapping can be frequency-first or time-first, depending on CCE-to-REG mapping. It should be noted that RE mapping within one REG bundle can be always frequency-first. 
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Figure 2. PDCCH-CCE-REG mapping with already supported REG bundle patterns for a CORESET 
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Figure 3. Frequency–first & Time–first mapping with REG bundle pattern 0 for a 2- and 3-symbol CORESET 

As mentioned in [2], for frequency-first CCE-to-REG mapping, a CCE can experience a more frequency selectivity channel and hence obtain frequency diversity. Furthermore, 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. For time-first CCE-to-REG mapping, a PDCCH candidate can fit in smaller bandwidths. Furthermore, a time-first mapping can allocate more power on PDCCH, especially on DMRS of PDCCH candidate in each OFDM symbol, i.e., power boosting on DMRS, which will improve PDCCH performance, especially in the low SNR regions. 
Based on the above discussion we can have the following proposal
Proposal 2: One of the following REG bundle patterns should be configured with a CCE-to-REG mapping without interleaving for a CORESET:
For a 1-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain.

For a 2-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain;

· 2 symbols in time domain and 3 consecutive REGs in frequency domain.

For a 3-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain;

· 3 symbol in time domain and 2 consecutive REGs in frequency domain.
Under the assumption of REG bundle consisting of 6REG in frequency domain only or both time- and frequency domains, performance of same precoder assumed across two REG bundles was compared with that of only within one REG bundle via link level simulation in our companion contributions [3][4]. 
From the simulation results for localized PDCCH transmission with 1-symbol and more than 1-symbol [3][4], we can have the following observation: 
Observation 1: The same precoder across multiple REG bundles could bring performance gain for the CCE-to-REG mapping without interleaving.
2.2 Mapping with interleaving

Based on the agreement in last meeting, Opt.2, i.e., interleaved CCE-to-REG mapping, can be configured for a CORESET with 1-symbol and more than 1-symbol. 

Since a CCE consists of 6 REGs, REG bundle size can be 2 or 3 or 6 consecutive REGs for 1-symbol CORESET, as shown in Fig.4. Furthermore, since REG bundle in time-domain being equal to the CORESET duration was already supported in last meeting, REG bundle patterns shown in Fig.5 can be possible for 2-symbol or 3-symbol CORESET, respectively.
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Figure 4. REG bundle pattern for a 1-symbol CORESET
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Figure 5. REG bundle pattern for a 2- and 3-symbol CORESET

Link level simulation for above different REG bundle patterns was conducted in our companion contributions [3] [4]. From the simulation results for distributed PDCCH transmission with above REG bundle patterns for a CORESET with 1-, 2- and 3-symbol, respectively, we can have the following observation: 

Observation 2: for CCE-to-REG mapping with interleaving,
· using lower REG bundling size in time- and/or frequency domain, hence finer cycling granularity, precoder cycling can obtain more diversity gain, especially for the case of low delay spread(hence low frequency selectivity)and in high SNR region, where channel estimation performance can be ensured with lower REG bundling size; 

· using higher REG bundling size in time- and/or frequency domain, channel estimation performance can be improved, especially for the case of high Delay spread(hence high frequency selectivity)and in low SNR region, where PDCCH performance will be ensured by high aggregation level;

· higher aggregation level will benefit from larger bundling size;

As discussed in [2], 1-symbol REG bundle should be supported for a CORESET with more than 1-symbol, to enable frequency-first and time-first CCE-to-REG mapping, even though for a CORESET with multiple symbols. The possible REG bundle patterns can be shown in Fig.6, for 2- and 3-symbol CORESET, respectively. 
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Figure 6.  1-symobl REG bundle patterns for a CORESET with more than 1-symbol

The 1-symbol REG bundle does have advantage for different scenarios:  On one hand, it can enable frequency-first CCE-to-REG mapping, therefore bring frequency diversity gain. At the same time, it can reduce latency by fitting a PDCCH candidate in one symbol, especially suitable for service type of URLLC.  Furthermore, it will facilitate multi-beam operation for PDCCH, especially for analog beam, when multi-beam only applies in different symbol. On the other hand, it can enable time domain precoder cycling. In addition, it can allocate more power on PDCCH, especially on DMRS of PDCCH candidate in each OFDM symbol, i.e., power boosting on DMRS. 
The performance of 1-symbol REG bundle with time-domain cycling was compared with REG bundle in time domain being equal to CORESET duration via link level simulation in our companion contribution [2]. From the simulation results for distributed PDCCH transmission with above REG bundle patterns for a CORESET with 2- and 3-symbol, respectively, under low speed and high speed scenario, we can have the following observation: 

Observation 3: For CCE-to-REG mapping with interleaving, time domain precoder cycling with 1-symbol REG bundle for a CORESET with 2- or 3-symbol can bring significant gain at least for aggregation level 1, 2 and 4. 
Based on the simulation results and above discussion, we can have the following proposal

Proposal 3: One of the following REG bundle patterns should be configured with a CCE-to-REG mapping with interleaving for a CORESET: 
For a 1-symbol CORESET,
· 1 symbol in time domain and {2,6} consecutive REGs in frequency domain;

For a 2-symbol CORESET,
· 1 symbol in time domain and {3,6} consecutive REGs in frequency domain;

· 2 symbol in time domain and {1,3} consecutive REGs per symbol in frequency domain.

For a 3-symbol CORESET,
· 1 symbol in time domain and {2,6} consecutive REGs in frequency domain;

· 3 symbol in time domain and {1,2} consecutive REGs per symbol in frequency domain.

On top of the above mentioned REG bundle pattern, it seems to make no more sense for UE to assume the same precoder across multiple REG bundles, as least for interleaved mapping. Utilizing diversity gain from precoder cycling across REG bundle in time- and/or frequency domain is the main mechanism to improve reliability for distributed PDCCH transmission. It can be used for common search space intended for multiple UEs or UE specific search space when UE in high speed scenario. 
Same precoder across multiple REG bundles implies more refined precoder selection, otherwise precoder cycling granularity will become coarser and diversity gain will decrease.  For common search space intended for all UEs or group UE, precoder reported from individual UE cannot represent channel conditions of the other UEs.  For high speed scenario, precoder reported from individual UE actually cannot exactly reflect on the instantaneous channel conditions.  Therefore, requirement on an accurate precoder selection seems to conflict with the scenario for interleaved CCE-to-REG mapping.  
Based on the above discussion, we can have the following observation:    
Observation 4: It seems to make no sense for UE to assume the same precoder across multiple REG bundles, for CCE-to-REG mapping with interleaving. 
It should be noted that the above REG bundle is actually as operation granularity for CCE-to-REG mapping with interleaving. It means that the mapping from a specific CCE index to a set of REG indices will be through interleaved REG bundle indices, where the interleaved REG bundle indices will correspond to the set of REG indices. 

Regarding to the interleaver, one possible way is to reuse the interleaver for PDCCH in LTE for distributed CCE-to-REG mapping. The interleaving operation can be over all REGs within the CORESET.  A completely random interleaver will bring interference randomization and diversity gain. However, different from LTE, NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain, as agreed in 3GPP RAN1#87 meeting.  From perspective of PDSCH multiplexing with PDCCH, a constrained interleaver should be considered meanwhile without loss of inherent benefit of interleaver. A straightforward way is to split REG bundles into multiple regular groups and apply interleaver within each regular group. For a 1-symbol CORESET, a regular group can consists of REG bundles with index obtained every N REG bundles. For example, N = 2, a regular group will consists of REG bundles with odd index; the other group will consists of REG bundles with even index. Similar principle can be used for all REG bundles for 2-symbol or 3-symbol CORESET.  For simplicity, interleaving is performed per symbol, e.g. confining the interleaver to one symbol within a CORESET. 
An example for time-first mapping was given for a 2-symbol CORESET in Fig. 7, where REG bundle pattern 0 from Fig.6 and 24 RBs in frequency domain for the CORESET are assumed. REGs and REG bundles are both numbered according to frequency first criteria and in an ascending order. CCE is mapped to REGs via interleaved REG bundle indices.
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Figure 7. Time-first mapping with 1-symobl REG bundle for a 2-symbol CORESET 

More examples can be found in our companion contribution [2]. Based on the above discussion, we have the following proposal:  
Proposal 4: Interleaver for PDCCH in LTE can be a starting point for CCE-to-REG mapping with interleaving. 
· The interleaver can be confined to be used over a group of REG bundles, where REGs within a CORESET can be divided to more than one group of REG bundles.
3 Conclusion
In this contribution, PDCCH-CCE-REG mapping for NR-PDCCH with REG bundling was discussed. Based on the discussions, we have the following observations and proposals:
Observation 1: The same precoder across multiple REG bundles could bring performance gain for the CCE-to-REG mapping without interleaving.

Observation 2: for CCE-to-REG mapping with interleaving,
· using lower REG bundling size in time- and/or frequency domain, hence finer cycling granularity, precoder cycling can obtain more diversity gain, especially for the case of low delay spread(hence low frequency selectivity)and in high SNR region, where channel estimation performance can be ensured with lower REG bundling size; 

· using higher REG bundling size in time- and/or frequency domain, channel estimation performance can be improved, especially for the case of high Delay spread(hence high frequency selectivity)and in low SNR region, where PDCCH performance will be ensured by high aggregation level;

· higher aggregation level will benefit from larger bundling size;

Observation 3: For CCE-to-REG mapping with interleaving, time domain precoder cycling with 1-symbol REG bundle for a CORESET with 2- or 3-symbol can bring significant gain at least for aggregation level of 1, 2 and 4.

Observation 4: It seems to make no sense for UE to assume the same precoder across multiple REG bundles, for CCE-to-REG mapping with interleaving. 
Proposal 1: A NR-PDCCH consists of one or several consecutive logical CCEs. 
Proposal 2: One of the following REG bundle patterns should be configured with a CCE-to-REG mapping without interleaving for a CORESET:
For a 1-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain.

For a 2-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain;

· 2 symbols in time domain and 3 consecutive REGs per symbol in frequency domain.

For a 3-symbol CORESET, 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain;

· 3 symbol in time domain and 2 consecutive REGs per symbol in frequency domain.
Proposal 3: One of the following REG bundle patterns should be configured with a CCE-to-REG mapping with interleaving for a CORESET: 
For a 1-symbol CORESET,
· 1 symbol in time domain and {2,6} consecutive REGs in frequency domain;

For a 2-symbol CORESET,
· 1 symbol in time domain and {3,6} consecutive REGs in frequency domain;

· 2 symbol in time domain and {1,3} consecutive REGs per symbol in frequency domain.

For a 3-symbol CORESET,
· 1 symbol in time domain and {2,6} consecutive REGs in frequency domain;

· 3 symbol in time domain and {1,2} consecutive REGs per symbol in frequency domain.

Proposal 4: Interleaver for PDCCH in LTE can be a starting point for CCE-to-REG mapping in NR-PDCCH. 

· The interleaver can be confined to be used over a group of REG bundles, where REGs within a CORESET can be divided to more than one group of REG bundles.
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