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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 provides our views on PDCCH-CCE-REG mapping for NR-PDCCH and REG bundle. More details on frequency-first CCE-to-REG mapping for NR-PDCCH can be found in our companion contribution [1]. 
2 PDCCH-CCE-REG mapping

Similar to LTE, The CCE index for NR PDCCH can be defined only in logic domain. A NR-PDCCH can be mapped to one or several consecutive logical CCEs. Then CCEs can be mapped to REGs according to a certain CCE-to-REG mapping with/without interleaving, which can be defined as frequency-first or time-first. Time-first CCE-to-REG mapping was already agreed in 3GPP RAN1#89 meeting. More details on frequency-first CCE-to-REG mapping can be found in our companion paper in [3]. 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

CCE-to-REG mapping without interleaving 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. Furthermore, REG bundle in time domain being equal to CORESET duration was already agreed. Therefore, the 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, PDCCH-to-CCE mapping are actually always frequency-first.   
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Figure 2. PDCCH-CCE-REG mapping with REG bundle for a CORESET

As discussed in [3], frequency-first CCE-to-REG mapping without interleaving can bring benefits in terms of 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. Therefore, frequency-first CCE-to-REG mapping should be supported for a CORESET with more than 1-symbol. For non interleaving case, REG bundle pattern 0 as shown in figure 1 should be used.    
Based on the above discussion we can have the following proposal
Proposal 2: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping without interleaving is supported with following REG bundle pattern: 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain.
2.2 Mapping with interleaving

CCE-to-REG mapping with interleaving can be configured for a CORESET with 1-symbol and more than 1-symbol.  Based on the agreement in last meeting, REG bundle size = 2 and CORESET length are supported for a CORESET with 1-symbol and more than 1-symbol, respectively. REG bundle size = 6 was as working assumption, where REG bundle size = REGs in frequency domain x symbols in time domain. Therefore, possible REG bundles for a CORESET with 1-symbol and more than 1-symbol are as shown in Fig.3 and Fig.4, respectively. 
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Figure 3. REG bundle for a 1-symbol CORESET
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Figure 4. REG bundle for a 2- and 3-symbol CORESET

From  the link level simulation results for the above different REG bundle patterns shown in contributions [1] [2], it can be observed that REG bundle size = 6 is beneficial for higher aggregation level, especially for the case of high delay spread (hence high frequency selectivity) and in low SNR region. Therefore, the working assumption on REG bundle size=6 should be confirmed. 
Based on the above discussion, we can have the following proposal
Proposal 3: For a 1/2/3-symbol CORESET with interleaving, confirm the following working assumption: 

· REG bundle size = 6 is also supported. 
As to the configuration of the REG bundle size, explicit way is preferred for flexibility. gNB could configure a suitable REG bundle size according to the actual situation. For example, if a CORESET is mainly for PDCCH transmission with high aggregation level, REG bundle size = 6 can be configured. If a CORESET is mainly for PDCCH transmission with lower aggregation level, REG bundle size = 2 or REG bundle size = CORESET length can be configured. If a CORESET would convey PDCCH transmission with all aggregation level(s), gNB could choose a suitable REG bundle size to achieve the best system performance. In addition, implicit way may not work. For example, for a CORESET shared by multiple UEs, it is hard for a UE to know the aggregation level(s) used for other UEs. Another example is that a CORESET may convey both CSS and USS, then hard for a UE to determine the REG bundle size according to the search space type also. 
Proposal 4: Explicit configuration of REG bundle size should be supported for a CORESET configured with CCE-to-REG mapping with interleaving.
REG bundles shown in figure 4 for a CORESET with more than 1-symbol is based on time-first CCE-to-REG mapping which was already agreed in 3GPP RAN1#89 meeting. As discussed in our companion contribution [3], 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. Therefore, frequency-first CCE-to-REG mapping should be supported for a CORESET with more than 1-symbol with the REG bundle patterns as shown in Figure.5, which just reuses the REG bundle pattern for a 1-symbol CORESET.  
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Figure 5. REG bundle for frequency-first mapping for a CORESET with more than 1-symbol

Based on the above discussion we can have the following proposal:
Proposal 5: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping with interleaving is supported with following REG bundle pattern: 

· 1 symbol in time domain and {2, 6} consecutive REGs in frequency domain.
Based on the above discussion, we can have the following summary of REG bundle patterns for CCE-to-REG mapping with interleaving:  

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 {2,6} 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.

If frequency-first CCE-to-REG mapping is also supported, then time-first or frequency-first needs to be configured for a CORESET. As discussed above, REG bundle size needs to be configured also. One way is to configure the CCE-to-REG mapping and REG bundle size separately. Another way is that the configuration for both can be achieved by configuring the REG bundle pattern directly. For example, for a 2-symbol CORESET, if the REG bundle with 1 symbol in time domain is configured, then the UE knows frequency-first CCE-to-REG mapping should be used. If REG bundle with 2 symbols in time domain is configured, then the UE knows time-first CCE-to-REG mapping should be used. Based on the above summary of the REG bundle patterns, at most 2 bits are needed conditioned on the configured CORESET duration.  
Based on the above discussion, we have the following proposal: 
Proposal 6: Explicit configuration of REG bundle pattern can be considered at least for a CORESET configured by UE-specific higher-layer signaling. 

As already agreed in 3GPP RAN1 #89 meeting, 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, different from PDCCH in LTE, at least two aspects should be considered:

· NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or different UEs, at least in the frequency domain, as agreed in 3GPP RAN1#87 meeting.  Fully random interleaver in LTE PDCCH may increase the complexity for the indication of the reused resources within the CORESET for PDSCH. 

· Multiple CORESETs may be overlapped in frequency and time domain, as agreed in 3GPP RAN1#88 meeting. Those multiple CORESETs can be configured with different CCE-REG mapping including non-interleaving mapping and interleaving mapping. The resource blocking between PDCCHs from different CORESETs should be minimized.  

Based the above consideration, a constrained interleaver should be considered meanwhile without loss of inherent benefit of interference randomization and diversity gain. A straightforward way is to split whole control resource into multiple regular REG bundle groups and one REG bundle group forms a constrained resource. Interleaver is applied within one REG bundle group, i.e. REG bundle group based interleaver. 
As an example, CCE-to-REG mapping for a 1-symbol CORESET is shown in Figure 6, where the CORESET is divided two REG bundle groups: REG bundles {0,1,2,6,7,8} and REG bundles {3,4,5,9,10,11} forms REG-bundle-group 0 and 1, respectively. CCE {0,1}and CCE {2,3} are separately mapped to REG-bundle-group 0 and 1 via interleaver, respectively. 
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Figure 6. CCE to REG mapping for 1-symobl CORESET 

Similar REG bundle group based interleaving was shown in Figure 7 for a 2-symbol CORESET, where time –first CCE-to-REG mapping was assumed. 
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Figure 7. Time-first CCE to REG mapping for a 2-symobl CORESET 

For a 2-symbol CORESET, a frequency-first CCE-REG mapping was shown in Figure.8, where REG bundle for 1-symbol CORESET is reused. The REG bundle group corresponds to one symbol of the CORESET and therefore interleaver is actually performed per symbol. 
[image: image9.emf] 

2-symbol CORESET

0 1

Pattern 1

Time

Freq.

REG bundle index

0 1 2 3 4 5 6 7 8 9

1

0

1

1

1

2

1

3

1

4

1

5

1

6

1

7

1

8

1

9

2

0

2

1

2

2

2

3

2

4

2

5

2

6

2

7

2

8

2

9

3

0

3

1

3

2

3

3

3

4

3

5

3

6

3

7

3

8

3

9

4

0

4

1

4

2

4

3

4

4

4

5

4

6

4

7

REG index

Interleaved REG bundle index

CCE index

0

1

2 3

4 5 6 7

0,2,7 1,6,8 3,5,10 4,9,11

12,14,19 13,18,20 15,17,22 16,21,23

… ...

0 1 2 3 4 5 6 7 8 9 10 11

12 13 14 15 16 17 18 19 20 21 22 23


Figure 8. Frequency-first CCE to REG mapping for a 2-symobl CORESET 

The interleaver is performed within REG bundle group. A CCE can be mapped to multiple REG bundles uniformly within one REG bundle group. For a 2- or 3- symbol CORESET configured with frequency-first CCE-REG mapping, the interleaver is performed per symbol and there can reuse that for a 1-symbol CORSET.
The above REG bundle group based CCE-to-REG mapping will facilitate dynamic reuse of resources in CORESET for data. Furthermore, it will support CCE-to-REG mapping with interleaving and without interleaving for overlapped CORESETs, which were already agreed to be supported.
Based on the above discussion, we have the following proposal:  
Proposal 7: The interleaver will 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 bundle was discussed. Based on the discussions, we have the following observations and proposals:
Proposal 1: A NR-PDCCH consists of one or several consecutive logical CCEs. 
Proposal 2: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping without interleaving is supported with following REG bundle pattern: 

· 1 symbol in time domain and 6 consecutive REGs in frequency domain.
Proposal 3: For a 1/2/3-symbol CORESET with interleaving, confirm the following working assumption: 

· REG bundle size = 6 is also supported. 
Proposal 4: Explicit configuration of REG bundle size should be supported for a CORESET configured with CCE-to-REG mapping with interleaving.
Proposal 5: For a CORESET with more than 1-symbol, frequency-first CCE-to-REG mapping with interleaving is supported with following REG bundle pattern: 

· 1 symbol in time domain and {2, 6} consecutive REGs in frequency domain.
Proposal 6: Explicit configuration of REG bundle pattern can be considered at least for a CORESET configured by UE-specific higher-layer signaling.
Proposal 7: The interleaver will 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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