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In RAN1 #90, there were agreements on NR-PDCCH structure including REG bundle size, precoder granularity, CORESET interleaving, and DMRS density [1]:
	Agreements:
· 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 signalling.
· 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.
· Note: more than one CORESET(s) with the UE-specific higher-layer signaling can be configured for the same UE
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
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



In this contribution, we discuss remaining details on the NR-PDCCH resource mapping focusing on the CORESET interleaving pattern and the DMRS structure. This contribution is revised from R1-1713811 and R1-1713812.

Discussion
CORESET interleaving pattern
The distributed NR-PDCCH can be implemented either by distributing CORESET over noncontiguous PRBs or by the frequency domain permutation of REGs within the contiguous CORESET bandwidth. This paper focuses on the latter case. Under the time-first CCE-to-REG mapping, the problem is simplified as one-dimensional interleaving on REG bundles as agreed in RAN1 #90. In this case, a baseline interleaving pattern can be the pseudo-random permutation. However, it does not always guarantee good frequency distribution for the CCEs or the PDCCH candidates, i.e., some CCEs or aggregated CCEs may be localized to a certain subband, which is unfavorable to obtaining the frequency diversity gain. Therefore, some structured interleaving pattern should be applied to avoid the worst mapping cases.

Narrowband RS case
Subblock interleaving shown in Fig. 1 is one candidate which guarantees good frequency distribution for all CCEs. In Fig. 1, the CORESET having 1-symbol duration and the REG bundle size of 2 was assumed, and a subblock consists of 12 PRBs. By column-wise writing and row-wise reading (or vice versa) the REG bundles, the consecutive input REG bundles are widely distributed across the subblocks within a given CORESET bandwidth. For example, as illustrated in Fig. 1, REG bundles 0, 1, and 2 are mapped on the 1st, 2nd, and 3rd subblocks, respectively, which constitute CCE 0. As a result, at least a certain amount of bandwidth, e.g., 24 PRBs in this case, is granted for CCE 0 (and all other CCEs and aggregated CCEs) transmission. The number of rows and columns of the subblock interleaver is determined by the number of subblocks and the size of subblocks, respectively.



Fig. 1. Subblock interleaving on REG bundles (1-symbol CORESET, REG bundle size = 2)

When CORESETs of different cells or TRPs overlap in time and frequency, inter-cell or inter-TRP interference can be avoided or randomized by a couple of ways, such as cell- or TRP-specific scrambling, REG mapping, cyclic shift, search space hashing, gNB’s scheduling, etc. If the ICI randomization is considered in the distributed REG mapping, the subblock interleaver can further be combined with row-wise and/or column-wise permutation to randomize the pattern. An example of the row-wise permutation is shown in Fig. 2, where different permutation patterns are applied to different rows of a matrix, i.e., different subblocks. As a result, PDCCH candidates, e.g., PDCCH candidate A and B in the figure, are more randomly scattered while still maintaining good frequency distribution, and if the permutation pattern(s) are cell- or TRP-specific, the ICI can be randomized.
Observation 1: Subblock interleaving on REG bundles provides good frequency distribution of CCEs and potential for proper ICI randomization.



Fig. 2. Subblock interleaving combined with row-wise permutation

In RAN1 #90, it was agreed that PDCCH blocking probability across overlapped CORESETs can be considered in the interleaver design. However, from our perspective, not all the overlapping cases need to be optimized since the blocking probability can basically be controlled by the gNB’s CORESET configuration and PDCCH scheduling. For example, it is very inefficient to consider the blocking probability across multiple CORESETs partially overlapping in frequency which would rarely happen in practice. If only the CORESETs having the same bandwidths are considered, the subblock interleaver can guarantee a sufficient level of blocking probability across the CORESETs, e.g., by setting the same subblock sizes to the CORESETs (refer to Fig. 3 as an example).
Observation 2: A sufficiently low blocking probability across overlapped CORESETs can be ensured by subblock interleaving for some cases (e.g., same bandwidth, different durations).



Fig. 3. PDCCH scheduling on overlapped CORESETs having different durations

Wideband RS case
On the other hand, the benefit of wideband DMRS for NR-PDCCH demodulation has been discussed in several contributions [2-4]. When the wideband precoder cycling based on the wideband RS is applied, the pseudo-random interleaver may perform even worse than the case of narrowband RS in the worst case mapping since the spatial diversity (i.e., precoder cycling gain) cannot be appreciated as well as the frequency diversity.
The subblock interleaver can be a good choice in the wideband RS case as well. In the wideband RS case, the precoder granularity that UE assumes in the frequency domain can be larger than the frequency domain REG bundle size. For example, the precoder granularity can be set to 12 consecutive PRBs independent of the REG bundle size as in Fig. 4. Then, the subblock interleaver can be applied on groups of REGs by regarding each 12 PRBs as a subblock, from which each CCE can be mapped across multiple different subblocks experiencing different precoders (3 different precoders in Fig. 4). Different from the narrowband RS case, the interleaving unit, i.e., a REG group, needs not necessarily be related to the REG bundle size. For example, the interleaving unit can be a single REG.



Fig. 4. Subblock interleaving for wideband RS with larger precoder granularity

Based on the discussion, the followings are proposed:
Proposal 1: Subblock interleaver is applied for distributed NR-PDCCH for both narrowband RS and wideband RS (if supported).
Proposal 2: The Subblock size for the subblock interleaver can be configured as a CORESET parameter.

Remaining issues on PDCCH DMRS
DMRS pattern
The DMRS density of 1/4 was agreed for NR-PDCCH in RAN1 #90. With this density, it is very natural to adopt the comb type DMRS pattern as depicted in Fig. 5 considering the channel estimation performance. Frequency shift can be applied in a cell- or TRP-specific way to avoid the DMRS interference. In this case, a relevant issue is whether or not to support MU-MIMO based on orthogonal DMRS ports. In our view, it is clear that the agreed DMRS density and the uniform RE pattern are not favorable to the CDM of different DMRS ports as the orthogonality between the ports is broken if the channel delay spread is large. Moreover, if the CDM is applied, only one RE per REG is available for channel estimation after taking off the orthogonal cover code. Thus, the channel interpolation performance in the frequency domain is degraded. From these reasons, it is preferred that multiple orthogonal DMRS ports for NR-PDCCH are not supported in Rel-15.
Proposal 3: Multiple orthogonal DMRS ports for NR-PDCCH are not supported in Rel-15.


Fig. 5. DMRS pattern for NR-PDCCH

PDCCH DMRS reuse for PDSCH demodulation
For the case of short duration PDSCH scheduling, the PDCCH can be self-contained within the PDSCH symbol(s). For example, consider a short duration DL scheduling based on 2-symbol mini-slot as shown in Fig. 6. Assume a case that the PDCCH is mapped on the first symbol and the PDSCH is scheduled on both symbols. Consequently, the PDCCH and the PDSCH are FDM-ed in the first symbol. In this case, there are three options in the location of the PDSCH DMRS. The first option is to map the PDSCH DMRS in the second symbol to all PRBs (Fig. 6(a)), and the second option is to map the PDSCH DMRS in both the first and the second symbols (Fig. 6(b)). The last option is to map the PDSCH DMRS in the first symbol outside the PDCCH subband and reuse the PDCCH DMRS in the demodulation of the PDSCH symbols in the PDCCH subband. The last option is described in Fig. 6(c).



Fig. 6. Options for PDSCH DMRS for 2-symbol PDSCH

A main purpose of using a short duration mini-slot, e.g., 1~2 symbols PDSCH/PUSCH, in below 6GHz is to support URLLC transmissions. NR should provide at least a very tight latency requirement for the URLLC use case. In this regard, the first two options are not desirable because UE should pend PDSCH demodulation until the channel estimation for the second symbol DMRS is finished. Furthermore, short duration PDSCH may have small TB size compared to long duration PDSCH. In general, the smaller the TB size, the more sensitive the link performance to the DMRS overhead. In this point, Option 3 is expected to provide better link performance than others due to reduced RS overhead.
On the other hand, according to Option 3, only 1-port transmission schemes are allowed for the PDSCH under the assumption that the NR-PDCCH does not support SU-MIMO. But a single layer transmission may not be sufficient in the case of PDSCH even with small TB sizes. If multi-layer transmission is to be supported for short duration PDSCH, how the 1-port PDCCH and multi-port PDSCH share the same DMRS needs to be studied.
Proposal 4: At least for UE-specific search space, PDCCH and PDSCH can share the same DMRS.

Conclusion
In this contribution, we discuss remaining details on the NR-PDCCH structure, from which the following observations and proposals are derived:
Observation 1: Subblock interleaving on REG bundles provides good frequency distribution of CCEs and potential for proper ICI randomization.
Observation 2: A sufficiently low blocking probability across overlapped CORESETs can be ensured by subblock interleaving for some cases (e.g., same bandwidth, different durations).
Proposal 1: Subblock interleaver is applied for distributed NR-PDCCH for both narrowband RS and wideband RS (if supported).
Proposal 2: The Subblock size for the subblock interleaver can be configured as a CORESET parameter.
Proposal 3: Multiple orthogonal DMRS ports for NR-PDCCH are not supported in Rel-15.
Proposal 4: At least for UE-specific search space, PDCCH and PDSCH can share the same DMRS.
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