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1 Introduction
The following were agreed regarding the PDCCH structure in previous meetings [1, 2]. 
Agreements:

· Confirm the following working assumption:

· 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

· DMRS density per REG for extended CP is same as that for normal CP
Working assumption:

· For a CORESET, precoder granularity in frequency domain is:

· Configurable between i) equal to the REG bundle size in the frequency domain; or ii) equal to the number of contiguous RBs in the frequency domain within the CORESET

· For ii), DMRS is mapped over all REGs within the CORESET.
Agreements:
· 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
Agreements:
· 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

This contribution discusses remaining FFS issues related to PDCCH structure including interleaver design. 

2 Remaining Aspects on PDCCH Structure
2.1 DMRS details
DMRS sequence 
Interleaved PDCCH can be configured for coverage critical control signalling such as common control/group common control signalling and UE-specific control signalling for cell edge UEs. For interleaved PDCCH, REG bundles composing a PDCCH candidate are distributed over the entire time/frequency resources within a configured CORESET to maximize the diversity gain. DMRS to decode that PDCCH candidate can be also transmitted over the CORESET and it should be shared for the UEs with PDCCH transmission in the same CORESET.

Therefore DMRS sequence should be known to all of the UEs sharing that DMRS. Accordingly, at least for common search space, DMRS sequence can be associated with cell ID. During initial access procedure, a UE has to know the DMRS sequence configuration for common search space including control configured with RA-RNTI, SI-RNTI, and P-RNTI. Before RRC connection, since a UE cannot be configured with specific ID and/or scrambling ID which will be used for initialization of DMRS sequence, the cell ID needs to be used for DMRS sequence generation. After RRC connection, a UE can be configured with a specific scrambling ID (per CORESET) to generate a shared DMRS sequence. Therefore, for group common control and UE-specific search space for interleaved CCE-to-REG mapping, the DMRS sequence can be configured by higher layer signalling. In this case, the configured ID for DMRS sequence initialization is like a virtual cell ID and can enable functionalities such as dynamic point selection. 

Proposal 1: DMRS scrambling sequence for CSS during initial access is determined from the cell ID
Proposal 2: DMRS scrambling sequence for interleaved PDCCH can be associated with cell ID or with virtual cell ID configured by higher layer signalling.
For non-interleaved CCE-to-REG mapping, DMRS should be UE-specific to support UE-specific beamforming. A CORESET for UE-specific search space is configured by higher layer signalling after RRC connection establishment. Therefore it is possible to configure DMRS sequence for non-interleaved PDCCH by higher layer signalling in a UE-specific manner. Each UE can have different UE-specific ID and scrambling ID for initialization of DMRS sequence. Using configured UE-specific ID provides good support for transparent MU-MIMO while not overly complicating the specifications. Even if two UEs share the same antenna port, MU-MIMO could still be applied in non-orthogonal manner.

As previously described, the preferred number of DMRS port is 1 and in this case consideration on DMRS port mapping is not meaningful. On the other hand, if MU-MIMO using orthogonal DMRS is supported in NR, some rules for DMRS port mapping have to be supported. Even for this case, DMRS port mapping for PDCCH can be simplified since time-first mapping of REG-to-CCE mapping is supported for PDCCH. In time-first mapping, a CCE is always located over multiple OFDM symbols equal to the CORESET duration and multiple CCEs are not TDMed but are always FDMed. Then, DMRS within a CCE can be fully utilized for that CCE corresponding to a UE. Therefore, the DMRS port mapping can be decided by the UE-ID without consideration on other system parameters.

Proposal 3: DMRS scrambling sequence for non-interleaved PDCCH can be configured by higher layer signalling.
DMRS configuration – Wideband RS
Based on agreement, precoder granularity in frequency domain for a CORESET can be configured one of following two options:
Opt 1: Precoder granularity in frequency domain is equal to the REG bundle size

Opt 2: Precoder granularity in frequency domain is equal to the contiguous RBs within the CORESET and DMRS is mapped over all REGs within the CORESET.
Opt 2 corresponds to wideband RS (aka UE-shared or UE-common RS) which is a kind of always-on RS with a certain period (may be the same as the CSS monitoring periodicity). Wideband RS can be configured for the CORESET for CSS to enhance the coverage. At least for the CORESETs configured for RMSI, it would be useful just fix to use wideband RS otherwise 1-bit for DMRS configuration needs to be included in MIB [3].
One potential benefit is in RLM where a UE needs to measure SINR in the PDCCH region. Using PDCCH DMRS to measure interference can be a preferred alternative [4]. Otherwise, ZP-CSI-RS needs to be transmitted in PDCCH region and this would incur additional overhead. Another potential benefit is time-frequency tracking. In both cases, further considerations are needed for BWP-based operation.
Observation 1: Wideband RS for CSS CORESET is beneficial in terms of time/frequency tracking and of interference measurement for RLM.
Proposal 4: For CORESET configured MIB, wideband RS is used.

One remarkable issue is the overlapping scenario between the CORESET#0 configured by wideband RS (DMRS opt 2) and the other CORESET#1 configured by narrowband RS (DMRS opt 1) as shown in the Figure 1. It should be further studied how to handle the DMRS assumption in the overlapped region (red dashed line). Basically, it might be natural to prioritize WB-RS over NB-RS when overlapping occurs since WB-RS is usually used for CSS CORESET conveying important broadcast signals. Assuming this, possible alternatives are as follows:
Alt 1) WB-RS is transmitted in the overlapped region whenever CORESET#0 needs to be monitored. When a UE monitors CORESET#1 simultaneously with CORESET#0, the DMRS configuration is assumed as WB-RS in the overlapped region of CORESET#1.
Alt 2) WB-RS is transmitted in the overlapped region whenever CORESET#0 needs to be monitored. When a UE monitors CORESET#1 simultaneously with CORESET#0, the UE assumes that the CORESET#1 is rate matched around overlapped region.
Alt 3) WB-RS is transmitted in not only CORESET#0 but also CORESET#1 whenever CORESET#0 needs to be monitored. When a UE monitors CORESET#1 simultaneously with CORESET#0, the DMRS configuration is assumed as WB-RS in the whole CORESET#2 region.

Alt 4) The UE assumes nothing in the overlapped region although the UE monitors CORESET#0 and CORESET#1 simultaneously.
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Figure 1. Example of overlapping between CORESETs having different DMRS configuration.
Observation 2: It should be further studied how to handle the DMRS assumption when CORESET configured by wideband RS and CORESET configured by narrowband RS are overlapped.
DMRS for URLLC PDCCH
A straightforward way to improve reliability of PDCCH for URLLC use case is to apply higher aggregation level such as 16 or 32 [5]. Further improvement can be achieved by using higher DMRS density, e.g. 1/3, since channel estimation performance can be a bottleneck of PDCCH BLER in very low coding rate realizations. Then, DMRS structure for URLLC PDCCH including DMRS pattern may be separately designed from DMRS structure for eMBB PDCCH. Such an optimizing approach in PDCCH design for each vertical can give better performance compared to unified design. However, separate design can reduce the flexibility in CORESET configurations, PDCCH multiplexing between different verticals, and so on. Therefore, the effort for minimizing the impact on eMBB PDCCH should be carefully considered if DMRS for URLLC PDCCH is separately designed.
One important design aspect for the PDCCH DMRS for URLLC is the possibility to share DMRS between PDCCH and PDSCH. For example, for PDCCH/PDSCH transmission over two symbols mini-slot, such as for URLLC, the first symbol can be for PDCCH and possibly for PDSCH, and the second symbol can be for PDSCH. If DMRS for PDCCH and PDSCH are transmitted in each of symbol or if DMRS for PDCCH cannot be used for PDSCH, DMRS overhead becomes unacceptably high. For scheduling over few symbols (or in general in less than one slot), re-using the DMRS of PDCCH for PDSCH demodulation/decoding should be supported to make DMRS overhead reasonable. As the current DMRS structure for PDCCH and PDSCH are incompatible, either the DMRS structure for PDSCH should be supported for PDCCH or the reverse.
Observation 3: It is beneficial to use the DMRS PDCCH structure for PDSCH or use one DMRS PDSCH structure for PDCCH.

Proposal 5: Support DMRS sharing between PDCCH and PDSCH for symbol-based scheduling.
2.2 Interleaver design

For interleaved PDCCH, the interleaving operates on REG bundles. In LTE PDCCH, the mapping to resource elements is defined by operations on quadruplets of complex-valued symbols since REG is composed of 4 REs. The interleaving is performed according to the sub-block interleaver with input and output to the interleaver defined by symbol quadruplets. In LTE EPDCCH, specific sub-block interleaving is not used for distributed mapping. Instead, multiple EREGs composing an ECCE are distributed across the equally spaced multiple PRBs. In other words, ECCE number n corresponds to EREGs numbered 
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 for distributed mapping. One of the above principles can be re-used as an interleaving method in NR. It should be designed to maximize frequency diversity and minimize blocking probability for potential overlapped CORESETs. Interleaver design can also depend on the search space design.

Overlapping scenarios can be summarized as follows:
(a) Overlapping between CORESETs with same/different sizes
(b) Overlapping between CORESETS with different REG bundle sizes

(c) Overlapping between CORESETs with interleaved and non-interleaved CCE-to-REG mappings
The number of blocked CCEs (or PDCCH candidates) in a CORESET is affected by how the CCEs are distributed in the overlapped CORESET. If CCEs are distributed freely within a CORESET without any consideration on other CORESETs, average blocking probability will increase. Some rules or restrictions need to be considered in interleaving, however, this restriction may cause some loss in frequency diversity. This trade-off would be main design criteria in interleaving design. Also, search space design affects to the blocking probability when different CORESETs are overlapped. 
Observation 4:Trade-off between blocking probability and achievable diversity should be taken into account for interleaving design.

Following block interleaver can be a starting point for interleaver design. 
Input: 
REG bundle indices denoted by 
[image: image4.wmf]REGb
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where NREGb is the number of REG bundles within a CORESET. 
Output: 

(1) Assign Cblock to be the number of columns of the matrix. The columns of the matrix are numbered 0, 1, 2,…, Cblock -1 from left to right. Cblock is configured by higher layer signaling. 
(2) Determine the number of rows of the matrix Rblock where 
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 dummy indices are padded such that dk = <NULL> for 
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(4) The output of the block interleaver is the REG bundle indices sequence read out column by column
By configuring Cblock, trade-off between frequency diversity and blocking probability can be efficiently managed. To maximize the frequency diversity, Cblock should be selected as NREGb/NREGbPerCCE where NREGbPerCCE is the number of REG bundles per CCE equal to 6/REG_bundle_size. Refer to Figure 2. There are two CORESETs having different configurations such that CORESET#0 is configured by 2-symbol duration and REG_bundle_size=2 and CORESET#1 is configured by 3-symbol duration and REG_bundle_size=3 assuming NREGb=18 for both. The indices in the figure correspond to the REG bundle indices. The example shows that when Cblock is, respectively, 6 and 9 for CORESET#0 and CORESET#1, REG bundles of a CCE can be distributed with maximum spacing in frequency domain within the CORESET. 
On the other hand, when CORESET#0 and CORESET#1 are overlapped, high blocking situation is expected. If a PDCCH candidate is transmitted via CCE0,0 and CCE0,1 in CORESET#0, then it may block total 6 CCEs (CCE1,0, CCE1,1, CCE1,3, CCE1,4, CCE1,5, CCE1,6) in CORESET#1. 
To efficiently coordinate the blocking between the overlapped CORESETs, suitable value for Cblock can be determined by gNB and signalled to the UE. In the example shown in Figure 3, Cblock=6 is configured for both CORESET#0 and CORESET#1. Then CCE0,0 and CCE0,1 in CORESET#0 blocks just 3 CCEs (CCE1,1, CCE1,2, CCE1,3) in CORESET#1. The optimized value for Cblock can be selected by gNB depending on the overlapping scenarios. 
The proposed interleaver above has benefits such that simple structure, good flexibility, and small signalling overhead. 
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Figure 2. Example of interleaving with Cblock = NREGb/NREGbPerCCE, i.e., Cblock=6 for CORESET#0 and Cblock=9 for CORESET#1.
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Figure 3. Example of interleaving with Cblock =6 for both CORESET#0 and CORESET#1.

Proposal 6: One-step interleaver with configurable number of columns of block interleaver matrix is supported.

To make further distribution for consecutive CCEs, inter-column permutation can be applied after step (3) as following:
(3.5) Perform the inter-column permutation for the matrix based on the pattern 
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An example is given in Figure 4. Before inter-column permutation, CCE0,0 and CCE0,1 are consecutively allocated in the frequency domain. If a PDCCH candidate of AL=2 is composed of two consecutive CCEs, e.g., CCE0,0 and CCE0,1, there would be some loss in diversity compared to fully distributed case. This can be resolved by applying inter-column permutation. As shown in the Figure 4, CCE0,0 and CCE0,1 can be distributed within a CORESET after inter-column permutation. 
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Figure 4. Example of interleaving with inter-column permutation.
Whether the inter-column permutation is beneficial or not is depending on the CORESET overlapping scenarios and search space design. When interleaved CORESET and non-interleaved CORESET are overlapped and inter-column permutation is used for interleaved CORESET, it can cause higher blocking probability. Also, if the search space is designed to be composed of a set of non-consecutive CCEs, then inter-column permutation may be ineffective since distributed CCEs can compose a PDCCH candidate. 

Therefore, it would be more desirable let the gNB decide whether or not to apply inter-column permutation depending on the situation, simply saying, inter-column permutation is configurable. 
Proposal 7: Whether or not to use inter-column permutation is configured by higher layer signalling.

Inter-cell interference randomization is one of the key design factors in interleaving design. Regarding this, indices of REG bundles which are inputted to interleaving function can be cyclic shifted based on cell ID as in LTE PDCCH.

Proposal 8: Cyclic shift based on cell ID is supported for interleaving of PDCCH.

3 Conclusion

This contribution considered remaining issues on PDCCH structures and interleaver design and proposes the following:
Proposal 1: DMRS scrambling sequence for CSS during initial access is determined from the cell ID
Proposal 2: DMRS scrambling sequence for interleaved PDCCH can be associated with cell ID or with virtual cell ID configured by higher layer signalling.
Proposal 3: DMRS scrambling sequence for non-interleaved PDCCH can be configured by higher layer signalling.
Proposal 4: For CORESET configured MIB, wideband RS is used.

Proposal 5: Support DMRS sharing between PDCCH and PDSCH for symbol-based scheduling.
Proposal 6: One-step interleaver with configurable number of columns of block interleaver matrix is supported.
Proposal 7: Whether or not to use inter-column permutation is configured by higher layer signaling.

Proposal 8: Cyclic shift based on cell ID is supported for interleaving of PDCCH.

The following observations are also captured.
Observation 1: Wideband RS for CSS CORESET is beneficial in terms of time/frequency tracking and of interference measurement for RLM.

Observation 2: It should be further studied how to handle the DMRS assumption when CORESET configured by wideband RS and CORESET configured by narrowband RS are overlapped.
Observation 3: It is beneficial to use the DMRS PDCCH structure for PDSCH or use one DMRS PDSCH structure for PDCCH.

Observation 4:Trade-off between blocking probability and achievable diversity should be taken into account for interleaving design.
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