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Introduction
In RAN1 #90 [1] and RAN1 NR-AH #3 [2] meetings, there were following agreements regarding PDCCH structure:

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

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:
· DMRS positions for PDCCH
· Working assumption: Equally-distributed within a REG


In this document, we discuss our views on remaining issues related to PDCCH structure including the interleaving design and CORESETs for multi-beam PDCCH transmission.

Interleaver design
[bookmark: _Ref455734493][bookmark: _Ref434502751][bookmark: _Ref419296613][bookmark: _Ref434227915][bookmark: _Ref434501473]In general, the interleaver for REG bundles can be any general function f(x) which maps an index of an REG bundle to another index (i.e., a logical REG-bundle index to a physical REG-bundle index). Per agreement, one of the metrics of the interleaver is to allow frequency distribution of REG bundles within the CORESET. In addition to this metric, we believe a good interleaver should also have the following properties to for an effective distributed PDCCH design:
· Interleaving function should disperse the REG bundles of a PDCCH candidate well across the CORESET, for all the aggregation levels. 
· For the case of non-contiguous CORESETs, the interleaving function should ensure good distribution of REG bundles of a PDCCH candidate across the frequency components of the CORESET.
A good starting point for interleaver design is to re-use design approaches that were useful for design of PDCCH and EPDCCH in LTE and LTE advanced, and make them suitable for the NR-PDCCH requirements.

Modulo operation
A simple approach for designing an interleaver function could be based on modulo operation (similar to what is used for EPDCCH in LTE advanced). In this method, the interleaving function f(x) maps the index x to f(x) = d . x mod N, where d and N are natural numbers related to the CORESET. A good example for the modulo base N can be Nbundle , which is the number of REG bundles in the CORESET. The multiplying factor d should be chosen such that the overall modulo operation ensures good frequency dispersion. For this purpose, d should be coprime with the modulo base Nbundle (i.e. they should not have any common divisor larger than 1). Also to ensure good dispersion even for low aggregation levels, consecutive indices should not be mapped to close indices. This means that d should not be too small or too close to the modulo base N. The multiplying factor d may be specified as function of the CORESET size in terms of REG bundles Nbundle , and for example indicated by a table in the specifications. 
Although the modulo-operation interleaver is very easy to describe and implement, the scattering capability of this interleaver is not optimal for all aggregation levels, because the best choice for the multiplying factor d may depend on the aggregation level, which implies different interleavers need to be designed for different aggregation levels in the same CORESET.  
Sub-block interleaving
Another method for interleaving REG bundles is to use a sub-block interleaving approach (similar to what is used for PDCCH in LTE). This method is an iterative method done in several steps, starting with a row of Nbundle REG bundles and in each step, a  matrix is transformed to a  matrix by arranging its  submatrices in a column, instead of a row, at the end resulting in a column of size Nbundle showing the final mapping of logical REG bundles to physical REG bundles. It should be noted that in general B may be different for each step. A step-by-step example of an interleaver design based on the sub-block interleaving approach, when , for the mapping of the PDCCH candidates with AL ={1,2,4,8} to a CORESET comprising of 32 REG bundles and an REG bundle size of three REGs is shown in Figure 1. 
It should be noted that the above method for sub-block interleaving, in case the REG bundle indices are from 0 to 2n, can be simply realized by reversing n binary digits of the REG bundle index, i.e. mapping a logical REG bundle with index to the physical REG bundle with index . 
While sub-block interleaving is a better design to robustly scatter the REG bundles of a PDCCH candidate across the CORESET and works well for all aggregation levels, the basic design only supports CORESET sizes of power of 2 (in terms of the number of REG bundles). Therefore to generalize this method for other CORESET sizes, we should either use the method with different values of sub-block partitioning B for different steps, or use a combination/concatenation of sub-block interleaving and modulo-operation interleaving. 
Table 1 shows an example of the sub-block interleaver for 24 REG bundles, with different values of sub-block partitioning B for different steps (2, 2, 2, 3).
 



Figure 1. Interleaver design based on the sub-block interleaving approach, with  & Nbundle = 32.
Table 1. An example of the sub-block interleaver with different values of sub-block partitioning B for different steps (2, 2, 2, 3)
	REG bundle indices
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	Interleaved
indices
	0
	12
	6
	18
	3
	15
	9
	21
	1
	13
	7
	19
	4
	16
	10
	22
	2
	14
	8
	20
	5
	17
	11
	23


 
Proposal 1: Interleaving function should disperse the REG bundles of a PDCCH candidate well across the CORESET, for all the aggregation levels.
Proposal 2: For the case of non-contiguous CORESETs, the interleaving function should ensure good distribution of REG bundles of a PDCCH candidate across the frequency components of the CORESET.

It should be noted that our assumption is to have interleavers that directly work on REG bundles. About the interleaving unit, some companies have proposed to consider REG bundle group/set, instead of REG bundles, or have proposed using two-step interleaving process where one of the steps works on groups of REG bundles as interleaving units. However, in our opinion, The agreement that we already have (i.e. “Interleaving operates on REG bundles”) implies that the interleaving units should be REG bundles.  

1 CORESETs for multi-beam PDCCH transmission 
A control resource set can be defined in different ways for the DL control channel in the multi-beam scenario. One important question is whether a multi-symbol CORESET can be associated with multiple beams (as shown in Figure 2) or different beams are associated with different CORESETs and each CORESET is only associated with one beam (as shown in figure 3).
In case the control resource set spans over multiple OFDM symbols and different beams are used on different OFDM symbols (as shown in figure 1), depending on REGs to CCE and CCEs to PDCCH candidate mappings and search space configuration, we may have the following PDCCH transmission options:



Figure 2. One control resource set including PDCCH candidates sent on beam 1 or beam 2 or both.
· Option 1: A search space is configured over only one OFDM symbol, however, different search spaces within the control resource set could be associated with different beams.  
· Option 2: A given PDCCH candidate is mapped on one OFDM symbol (i.e., over one beam); however, different PDCCH candidates of a search space could potentially be associated with different beams. 
· Option 3: A given CCE is mapped on one OFDM symbol (i.e., over one beam); however, a PDCCH candidate could potentially be transmitted over different beams.
· Option 4: A given REG bundle is mapped on one OFDM symbol (i.e., over one beam); however, a CCE can potentially be transmitted over multiple beams.


Among these options, options 1 and 2 are transparent to the UE; however, option 2 provides more flexibility at the scheduler for assigning PDCCH candidates each with potentially a different beam without defining multiple search spaces. As for the other 2 options, the structure of PDCCH should be compatible with the multi-beam assumptions. In the case that the same beam is transmitted over multiple OFDM symbols, all PDCCH candidates of a search space may be associated with only one beam.

If control resource set spans one OFDM symbol, it can only be associated with one beam (as shown in figure 3). In this case, all PDCCH candidates of a search space are associated with only one beam, because all the candidates of a search space are inside one control resource set. It should be noted that the adjacent control resource sets (in time) can have different or similar REG-to-CCE and CCE-to-candidate mappings. For example, one control resource set can support localized PDCCH and the other one can support distributed PDCCH. 


Figure 3. Different control resource sets associated with different beams on different OFDM symbols.
Although associating only one beam to a control resource set simplifies the PDCCH design and search space monitoring, supporting also multi-beam CORESETs makes it possible to have PDCCH candidates on multiple beams and have beam diversity which can potentially improve the reliability of PDCCH.
Proposal 3: A control resource set can be associated with single beam or multiple beams.
In case the control resource set spans over multiple OFDM symbols and different beams are used on different OFDM symbols (as shown in figure 2), because one REG bundle cannot be associated with multiple beam, the REG bundling should be in frequency. Therefore, REG bundling in frequency should not be excluded for multi-symbol CORSETs. Also, supporting the option of frequency-first REG bundling for multi-symbol CORESETs makes it possible to use precoder cycling in time.
Proposal 4: For multi-symbol CORESETs, both options of REG bundling in time and frequency are supported.

Summary
This contribution discussed the issues related to REG bundling and interleaver design for REG bundles and examined some candidates for the interleaver. We made the following proposals:
Proposal 1: Interleaving function should disperse the REG bundles of a PDCCH candidate well across the CORESET, for all the aggregation levels.
Proposal 2: For the case of non-contiguous CORESETs, the interleaving function should ensure good distribution of REG bundles of a PDCCH candidate across the frequency components of the CORESET.
Proposal 3: A control resource set can be associated with single beam or multiple beams.
Proposal 4: For multi-symbol CORESETs, both options of REG bundling in time and frequency are supported.
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