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1. Introduction
In 3GPP RAN1#88 meeting, mapping of NR-PDCCH in time and frequency was discussed and the following agreements were achieved:
· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options:

· Frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate

· Time first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Time first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate

· Down-selection should be discussed, including of the number of supported option(s)
In 3GPP RAN1#88bis meeting, the following agreements related to CCE-to-REG mapping were achieved:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET

· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 

· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space

· FFS: Whether all REGs have DMRS or not

· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported

· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 

· FFS on REG bundle size

· FFS whether REG bundle size is configurable

· 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 this contribution, CCE-to-REG mapping for NR-PDCCH is discussed considering the impact on REG bundling. 
2. Discussion on CCE-to-REG mapping
Regarding to details of CCE-to-REG mapping in time and frequency, time-first and frequency-first mapping are the two main options. For the case of single OFDM symbol for a control resource set, only frequency-first CCE-to-REG mapping is valid, therefore frequency-first mapping should obviously be supported. For frequency-first CCE-to-REG mapping, a CCE can experience a more frequency selectivity channel and hence obtain frequency diversity gain. 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 mapping, it could make the frequency resource for control resource set fit in smaller bandwidths, which may provide more flexibility for multiplexing of different services in the same carrier, e.g. different services using different numerologies. 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, meanwhile REG bundling in time domain can be enabled. Both mechanisms will improve PDCCH performance, especially in the low SNR regions. Therefore, both frequency-first and time-first CCE-to-REG mapping should be supported for NR-PDCCH and can be configurable. As discussed below, frequency-first mapping and time-first mapping can be configured through configuration of REG bundling pattern. 
Except the above time/frequency-first mapping, the CCE-to-REG mapping should also consider NR-PDCCH transmission type (i.e. localized or distributed transmission), REG bundling pattern (i.e. REG bundling size in frequency and time domains) and impact of resource reuse for NR-PDSCH. 
· Distributed transmission

For distributed transmission, PDCCH performance will benefit from transmit diversity gain rather than beamforming gain. This is usually applied to the scenario where no accurate precoder information available for a specific UE or a UE group. Therefore, precoder cycling can be used to acquire an average SNR across all possible precoders over allocated REGs. 

According to the simulation results shown in Fig.4-6 in our companion contribution [1], REG bundling in frequency domain will provide more accurate channel estimation but will reduce diversity gain due to restricting precoder cycling granularity. Therefore, for different channel conditions such as different delay spread or different SNR region where UE is located, there is a preferred REG bundling size/pattern which may be resulted from the tradeoff between channel estimation and transmit diversity gain. Furthermore, REG bundling in time domain will improve channel estimation for a low speed scenario, as shown in Fig.7-9 in [1]. However, it is also possible that precoder cycling in time domain may bring potential diversity gain for high speed scenario.
Based on the working assumption of CCE consisting of 6 REGs, potential REG bundling sizes in frequency domain and/or time domain can be 2, 3 or 6 REGs. The 2, 3 or 6 bundling REGs will form an REG bundle. Taking into account the above REG bundling sizes, for both time-first and/or frequency-first CCE-to-REG mapping, we have the following REG bundle patterns. The REG bundle pattern to be used for a CORESET can be configured by higher layer signaling. With the configuration of REG bundle pattern, the time-first or frequency-first mapping rule is configured implicitly. That is, if a REG bundle pattern with more than 1 symbol in time domain is configured, then time-first CCE-to-REG mapping should be assumed.
For frequency-first CCE-to-REG mapping, the possible REG bundle patterns are shown in Fig.1. 
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Figure 1.  Possible REG bundle patterns for frequency-first mapping

For time-first CCE-to-REG mapping, the possible REG bundle patterns are shown in Fig.2. 
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Figure 2.  Possible REG bundle patterns for time-first mapping

Based on the above discussion, we can have the following proposal:
Proposal 1: For distributed transmission, CCE-to-REG mapping should be based on REG bundle level. A CORESET for distributed NR-PDCCH transmission can be configured with one of the following REG bundle patterns:
· 1 symbol in time domain and 2 or 3 or 6 contiguous REGs in frequency domain
· 2 symbols in time domain and 1 or 3 contiguous REGs in frequency domain
· 3 symbols in time domain and 1 or 2 contiguous REGs in frequency domain
According to the agreements in the RAN1#88bis meeting, distributed mapping can be achieved with interleaving, and a CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET. Based on the above discussion, regarding to interleaver for distributed CCE-to-REG mapping, we can have the following proposal

Proposal 2: Interleaver for distributed CCE-to-REG mapping should be based on REG bundle level.
One possible way is to reuse the sub-block interleaver for TBCC for distributed CCE-to-REG mapping, which was adopted for PDCCH in LTE. However, it may result in that one NR-PDCCH would occupy the REGs from multiple symbols in time domain, which may be not efficient for reusing unused NR-PDCCH resource for NR-PDSCH transmission, and meanwhile may make it impossible to achieve low latency from frequency-first mapping. Therefore, a constrained interleaver design should be considered, e.g. confining the interleaver to one symbol within CORESET. An example for frequency-first mapping was given in Fig. 3, where REG bundle pattern 1 from Fig.1, and 2 symbols in time domain 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 3. An example for frequency-first CCE-to-REG mapping with REG bundle pattern 1 and 2 symbols for the CORESET
Two examples for time-first mapping were given in Fig. 4 and Fig. 5 respectively, where REG bundle pattern 0 and 1 for the case of 2 symbols from Fig.2 were adopted. 24 RBs in frequency domain from CORESET are assumed. CCE is mapped to REGs via interleaved REG bundle indices. The other two examples for time-first mapping for the case of 3 symbols are shown in Fig. 10 and Fig. 11 in Appendix, respectively.
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Figure 4. An example for time-first CCE-to-REG mapping with REG bundle pattern 0 and 2 symbols for the CORESET
[image: image5.emf] 

2-symbols

x

0

x

1

y

0

y

1

x

2

y

2

Pattern 1

Time

Freq.

0 1 2 3 4 5 6 7

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 4 2 6 1 5 3 7


Figure 5. An example for time-first CCE-to-REG mapping with REG bundle pattern 1 and 2 symbols for the CORESET
Based on the above discussion, we can have the following proposal 
Proposal 3: Interleaver for PDCCH in LTE can be a starting point for distributed CCE-to-REG mapping in NR-PDCCH.
· Localized transmission

For localized transmission, PDCCH performance can be improved via beamforming gain rather than transmit diversity gain, which is actually based on selected precoder acquired from CSI report on instantaneous channel condition. 

Regardless of type of CSI report (i.e., wideband or sub-band), bandwidth that reported precoder represents is usually equal or greater than 6 RBs as already used in LTE, although dependent on coherent bandwidth of channel. Therefore, REG bundling size in frequency domain should be as large as possible, under constraint of implementation complexity. This can be observed from the simulation results based on wideband precoder for PDCCH as shown in [1], where one or two CCE level bundling in frequency domain will bring more performance gain than 2 or 3 REGs. Therefore, based on the above discussion, we can have the following proposal:
Proposal 4: For localized transmission, CCE-to-REG mapping should be based on REG bundle level. A CORESET for localized NR-PDCCH transmission can be configured with a REG bundle pattern corresponding to 1 CCE or 2 CCEs. 

Take REG bundle corresponding to 1CCE as an example, REG bundle patterns can be given in Fig. 6. For pattern 0, CCE-to-REG mapping will follow a frequency first rule. For pattern 1 and pattern 2, CCE-to-REG mapping will follow a time-first mapping rule. However, as shown in Fig. 7, with pattern 0, PDCCH-to-CCE mapping can follow either a frequency-first mapping rule or a time-first mapping rule for a NR-PDCCH with higher aggregation level. 
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Figure 6. Example - REG bundle pattern for localized mapping
For REG pattern 0, REG bundling size of 6REGs in frequency domain, the frequency-first and time-first mapping can be given as depicted in Fig. 7, where 6 REGs with the same colour form an NR-CCE or REG bundle. 
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Figure 7. Frequency–first and Time–first CCE-to-REG mapping for localized transmission, bundling size in frequency domain = 6.

Other possible options for time-first mapping are shown in Fig. 8, where different REG bundle patterns are used. 
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Figure 8. Time–first CCE-to-REG mapping for localized transmission with REG bundle pattern 1,2.

However, time-first mapping as in Fig. 9 should be avoided, where CCE1 or CCE4 spanning non-contiguous symbols cannot use REG bundling. Furthermore, it should be noted that no interleaver is necessary for localized transmission.
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Figure 9. Time–first CCE-to-REG mapping for localized transmission, with REG bundle pattern 2.

3. Conclusions
In this contribution, CCE-to-REG mapping for NR-PDCCH is discussed considering the impact on REG bundling. Based on the discussions, we have the following proposals:
Proposal 1: For distributed transmission, CCE-to-REG mapping should be based on REG bundle level. A CORESET for distributed NR-PDCCH transmission can be configured with one of the following REG bundle patterns:

· 1 symbol in time domain and 2 or 3 or 6 contiguous REGs in frequency domain

· 2 symbols in time domain and 1 or 3 contiguous REGs in frequency domain

· 3 symbols in time domain and 1 or 2 contiguous REGs in frequency domain
Proposal 2: Interleaver for distributed CCE-to-REG mapping should be based on REG bundle level.
Proposal 3: Interleaver for PDCCH in LTE can be a starting point for distributed CCE-to-REG mapping in NR-PDCCH.
Proposal 4: For localized transmission, CCE-to-REG mapping should be based on REG bundle level. A CORESET for localized NR-PDCCH transmission can be configured with a REG bundle pattern corresponding to 1 or 2 CCEs.
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Appendix
· Time-first CCE-to-REG mapping for distributed transmission
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Figure 10. Example - Time-first CCE-to-REG mapping, REG bundle pattern 0 and 3 symbols for the CORESET
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Figure 11. Example - Time-first CCE-to-REG mapping, REG bundle pattern 1 and 3 symbols for the CORESET
































































































