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1 Introduction

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)

In 3GPP RAN1#90 meeting, REG-to-CCE mapping with interleaving was discussed and the following agreements were achieved:
· Working assumptions are confirmed with the following details.

· For 1/2/3-symbol CORESET, REG bundle size of 6 is supported.

· A REG bundle size is as part of CORESET configuration for a CORESET configured by UE-specific higher-layer signaling.

· FFS: CORESET(s) configured by non UE-specific signaling.

· UE assumes that precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain

· FFS: gNB can inform to the UE whether or not to assume the same precoder over multiple REG bundles.

· Interleaving operates on REG bundles
· FFS: interleaving in the case if and when gNB informs to the UE to assume the same precoder over multiple REG bundles
· For interleaving CORESET, the interleaving pattern is derived by the CORESET configuration and is not dependent on other CORESET configuration.
· Note: 

· Following metrics can be considered

· Good frequency distribution of REG bundles within the CORESET

· Blocking probability for potential overlapped CORESET(s)

· Inter-cell/inter-TRP interference randomization

In 3GPP RAN1#90 meeting, DMRS structure for PDCCH was discussed and the following working assumption on DMRS was achieved:

· DM-RS density per REG is 1/4 at least for normal CP
· FFS: orthogonal DMRS for MU-MIMO at RAN1 NR AH#3.

· FFS: URLLC

This contribution provides our views on PDCCH structure and mainly focuses on CCE-to-REG mapping and DMRS for PDCCH. 
2 CCE-to-REG mapping

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. According to the agreements from RAN1#90 meeting, the REG bundle patterns shown in Fig.1 are 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 CCE-to-REG mapping as shown in Fig. 2.  
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Figure 2. PDCCH-CCE-REG mapping with REG bundle for a CORESET

As discussed in[1], frequency-first CCE-to-REG mapping without interleaving can bring benefits in terms of latency reduction, multiplexing between CORESETs, multi-beam operation in a CORESET, signaling overhead for CORESET configuration, signaling overhead for control resource reuse for data in a DCI and 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 1: 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

2.2.1 REG Bundle and Precoder
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 previous meetings, REG bundle size = 2 and 6 are supported for a CORESET with 1-symbol. REG bundle size = CORESET length and 6 are supported for a CORESET with more than 1-symbol. Therefore, REG bundles for a CORESET with 1-symbol and more than 1-symbol can be 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

It should be noted that REG bundles in figure 4 is actually based on time-first CCE-to-REG mapping which was already agreed in 3GPP RAN1#89 meeting. As discussed in contribution [1], frequency-first CCE-to-REG mapping can bring benefits in terms of frequency diversity, latency reduction, multiplexing between CORESETs, multi-beam operation in a CORESET, signaling overhead for CORESET configuration, signaling overhead for reusing control resource for data in a DCI and 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 Fig.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 2: 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.
As already discussed and evaluated in the previous meetings, UE will assume same precoder within a REG bundle.  Using lower REG bundle size (e.g. 2 or 3) with finer cycling granularity, precoder cycling can bring more diversity gain. On the other hand, higher REG bundling size (e.g. 6) will improve channel estimation performance. Therefore, a good trade-off between diversity gain and channel estimation performance improvement can be realized by configuring appropriate REG bundle size by gNB. 
One FFS point from RAN1#90 meeting is that gNB can inform to the UE whether or not to assume the same precoder over multiple REG bundles. On top of agreed REG bundle sizes, further assuming same precoder over multiple REG bundles is actually equivalent to introduce more REG bundle sizes. If significant performance gain or benefit(s) can be really shown, more REG bundle sizes, e.g., larger than 6, can be further introduced. Therefore, it seems that there is no strong motivation to assume same precoder over multiple REG bundles.  
Observation 1: It is NOT necessary for UE to assume same precoder over multiple REG bundles. 

2.2.2 Interleaver design
As already agreed in RAN1#90 meeting, interleaving operates on REG bundles. It means that a CCE index will be mapped to a set of REG indices through interleaved REG bundle 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-to-REG mapping including non-interleaving mapping and interleaving mapping. The resource blocking between PDCCHs from different CORESETs should be minimized.  

Based on 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 Fig. 6, where the CORESET is divided to 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. The interleaved sequences for each group are {0,2,7,1,6,8} and {3,5,10,4,9,11}. A concatenation sequence is {0,2,7,1,6,8,3,5,10,4,9,11}, CCE {0,1,2,3} are mapped sequentially to REG bundles according to the interleaved REG bundle indices. As a results CCE {0,1} and CCE {2,3} are mapped to group 0 and 1, respectively.
As shown in Fig.6, REG bundle groups are formed with the granularity of 6-REGs. As a result, when CCE-to-REG mapping with interleaving is performed, the occupied resource corresponds to a minimum number of CCEs with non-interleaving mapping, i.e. resource for two CCEs with interleaving mapping corresponds to that of two CCEs with non-interleaving mapping, since the REG bundle size is 6 for non-interleaving mapping. Accordingly, the blocking between PDCCHs is reduced, when two CORESETs with interleaving mapping and non-interleaving mapping are overlapped. Furthermore, the regularly distributed occupied resource in a CORESET does also facilitate dynamic reuse of resources in CORESET for data, since it will simplify the indication of the reused resource for PDSCH.  
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Figure 6. CCE to REG mapping for 1-symobl CORESET 

Similar REG bundle group based interleaving was shown in Fig. 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 

The interleaver is performed within REG bundle group. A CCE can be mapped to multiple REG bundles uniformly within one REG bundle group. REG bundle groups are numbering in increasing order with the lowest REG index in each REG bundle group. CCEs are mapped to REG bundle groups in increasing order of the REG bundle group index. 
Fig. 8 shows another example for interleaver design, where the REG bundle group can be symbol level, which is applied to frequency-first CCE-to-REG mapping.  Take a 2-symbol CORESET as an example, each symbol of the CORESET corresponds to a REG bundle group. The interleaving within each group could just reuses the interleaving for 1-symbol CORESET as shown in Fig.6. 
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Figure 8. An example of interleaver for frequency-first CCE to REG mapping. 
Based on the above discussion, we have the following proposal:  
Proposal 3: 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 DMRS for PDCCH
3.1 DMRS pattern
In RAN1 #90 meeting, working assumption on 1/4 DMRS density per REG was achieved. The main DMRS patterns proposed for PDCCH is as shown in Fig. 9, where pattern a corresponding to 1/4 DMRS density, pattern b and pattern c corresponding to 1/3 DMRS density. From the simulation results provided in contribution [2] for the case of single user, 1/4 DMRS overhead does provide better tradeoff on performance. One main motivation for 1/3 DMRS density is that it could provide the chance to implement MU-MIMO with FDM orthogonal DMRS ports, which could avoid standard effort on OCC design and possible better orthogonality compared to 1/4 DMRS overhead with OCC. However, considering that 1/4 DMRS density is beneficial for single user case and MU-MIMIO based on DMRS pattern with 1/4 DMRS density can also be achieved, the working assumption on 1/4 DMRS density per REG can be confirmed.
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Figure 9. Candidate DMRS patterns for PDCCH. 
Proposal 4: Confirm the following working assumption:

· DM-RS density per REG is 1/4 at least for normal CP.
As to the DMRS density for extended CP, same or denser DMRS density than the one for normal CP could be considered. Considering that ECP is most likely to be applied to channel with strong frequency selectivity, denser DMRS density may be beneficial from channel estimation perspective. Using same DMRS density for extended CP could achieve common design for normal CP and extended CP and could achieve lower complexity. Considering that MCS for PDCCH would be low and denser DMRS density also results in larger DMRS overhead, the gain by using denser DMRS density may be limited. Therefore, it is slightly preferred to use the same DMRS density for normal CP and extended CP.  

Proposal 5: DMRS density per REG for extended CP is same as that for normal CP.
3.2 Orthogonal DMRS design
MU-MIMO using non-orthogonal DMRS was agreed to be supported. However by using non-orthogonal DMRS, PDCCH performance may degrade due to worse channel estimation because of the interference. It is fatal for the UE in the deep fading or operating at the higher spectrum, where the SNR at the receiver is low and the significant additional interference and/or noise will negatively affect the channel estimation. Therefore, MU-MIMO with orthogonal DMRS shall also be supported. Orthogonal DMRS could provide more accurate channel estimation thus could provide better performance for MU-MIMO. Based on the DMRS pattern with 1/4 DMRS density, orthogonal DMRS can be supported by using OCC in frequency domain.
Proposal 6: MU-MIMO with orthogonal DMRS should be supported for NR-PDCCH.
In orthogonal DMRS design, one issue is how to determine which DMRS port shall be assumed by UE for the decoding of PDCCH. For EPDCCH localized transmission in LTE, the DMRS antenna port for one UE depends on the lowest ECCE index and RNTI, which could enable MU-MIMO with orthogonal DMRS. In addition, a scrambling ID configured by higher layers is also used to initialize the DMRS sequence. Similar scheme can be used for NR-PDCCH. Specifically, the DMRS antenna port for NR-PDCCH transmission can be derived from RNTI and lowest CCE index. CORESET-specific scrambling ID configured by higher layer can be used for initializing DMRS sequence also.
Proposal 7: The DMRS antenna port for NR-PDCCH in UE-specific search space is determined at least based on UE-specific ID. 
3.3 Non-orthogonal DMRS design
MU-MIMO with non-orthogonal DMRS was agreed to be supported in NR. The CORESET-specific scrambling ID would be used for MU-MIMO with non-orthogonal DMRS. To further mitigate multi-user interference from the non-orthogonal transmission, potential paired scrambling ID(s) can be indicated to a UE also. For example, 
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 are configured by high layers to UE1. The DMRS sequence generated by the initializing parameter from 
[image: image13.wmf]

  is used for the channel estimation by UE1. The DMRS sequence generated by the initializing parameter from  
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 can be used for the interference measurement by UE1. Accordingly, 
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 and 
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 are configured by high layers to UE2, who is paired with UE1 for MU-MIMO transmission with non-orthogonal DMRS. Similarly, the DMRS sequences generated by the initializing parameters from 
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 and 
[image: image18.wmf]

 are used by UE2 for channel estimation and interference measurement, respectively.
Proposal 8: Further multi-user interference mitigation schemes could be considered in NR-PDCCH to support MU-MIMO using non-orthogonal DMRS.
3.4 DMRS sequence for PDCCH
In LTE PDCCH, CRS is used for PDCCH. For a given antenna port, reference-signal sequence is generated according to the largest downlink bandwidth. When the downlink bandwidth configured by MIB is smaller than the largest one, a part of the reference-signal sequence is mapped to the CRS resources referred to the center subcarrier of SS/PBCH. Similar rule can also be applied for the DMRS of a CORESET. During the initial access, NR-PBCH will be used to configure a CORESET for RMSI, the CORESET will be confined within a certain DL bandwidth to facilitate initial access consider the minimum capability of UEs. The reference point for DMRS sequence of the CORESET can be the center of SS block, similar as LTE. On the other hand, after initial access, a common PRB grid will facilitate the configuration of CORESET or bandwidth part configuration etc. as mentioned in [3]. Therefore, an additional reference point for all UEs will be configured by RMSI or RRC. Accordingly, DMRS sequence shortened for CORESETs configured by RRC will be referred to the additional reference point.  
Proposal 9: DMRS sequence for NR-PDCCH can be obtained according to a reference point in frequency domain.
· For the CORESET configured by MIB, the reference point is the centre or boundary of the SS block.

· For a CORESET configured by higher layer signaling, the reference point is configured by RMSI or higher layer signaling.
4 Conclusion
The contribution provides our views on PDCCH structure and mainly focuses on CCE-to-REG mapping and DMRS for PDCCH. Regarding to REG bundle and interleaver design, we have the following observation and proposals:  

Observation 1: It is NOT necessary for UE to assume same precoder over multiple REG bundles. 

Proposal 1: 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 2: 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 3: 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.
Regarding to DMRS for NR-PDCCH, we have the following proposals:
Proposal 4: Confirm the following working assumption:

· DM-RS density per REG is 1/4 at least for normal CP.
Proposal 5: DMRS density per REG for extended CP is same as that for normal CP.
Proposal 6: MU-MIMO with orthogonal DMRS should be supported for NR-PDCCH.
Proposal 7: The DMRS antenna port for NR-PDCCH in UE-specific search space is determined at least based on UE-specific ID.
Proposal 8: Further multi-user interference mitigation schemes could be considered in NR-PDCCH to support MU-MIMO using non-orthogonal DMRS.
Proposal 9: DMRS sequence for NR-PDCCH can be obtained according to a reference point in frequency domain.
· For the CORESET configured by MIB, the reference point is the centre or boundary of the SS block.

· For a CORESET configured by higher layer signaling, the reference point is configured by RMSI or higher layer signaling.
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