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1 Introduction

In the last meeting, many aspects of the NR-PDCCH structure were extensively discussed, including the DMRS pattern, REG bundle size and CCE-to-REG interleaving. The following agreements were achieved:
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
· DMRS positions for PDCCH

· Working assumption: Equally-distributed within a REG

Furthermore, the following working assumptions were achieved:
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.
· DMRS positions for PDCCH

· Working assumption: Equally-distributed within a REG

This contribution addresses the remaining details on NR-PDCCH structure including whether or not to confirm the working assumption on precoder cycling granularity in frequency domain, support of MU-MIMO, interleaver design and DMRS pattern. 
2 Discussion
2.1 Remaining issues on REG bundle

For a CORESET, the precoder cycling granularity in frequency domain was extensively discussed at the last meeting. One concern on the smaller granularity of REG bundle is that the channel estimation accuracy may not meet the target BLER requirement at cell edge particularly for a common/group-common PDCCH. Consequently, it was proposed to support by configuration either precoding at the REG-bundle level or wideband precoding. We present evaluation results in this section comparing both precoding schemes. Additionally, we also compare the performance of NR-PDCCH with LTE PDCCH.
For both LTE PDCCH and NR PDCCH, 2 OFDM symbols are assumed in time domain and the DCI payload size is 60 bits. For LTE PDCCH, the channel estimation is based on all CRS symbols in a subframe and across the whole bandwidth. For NR PDCCH, interleaved CCE-to-REG mapping is assumed, the TX codebook is {[1 1], [1 -1], [1 j], [1 -j]}, and the following cases are evaluated:
· Wideband RS with a randomly selected precoder. The gNB randomly select one precoder from the codebook. REG bundle sizes of 2 and 6 are used for interleaving.
· Narrowband RS with precoder cycling granularity matched to REG bundle sizes of 2 and 6 respectively. The precoder applied on each REG bundle is randomly selected from the codebook.

The detailed simulation assumptions are shown in the appendix and the results are shown in Figures 1-3.
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Figure1: Comparison between different precoder granularities(AL=2)
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Figure2: Comparison between different precoder granularities(AL=4)
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Figure3: Comparison between different precoder granularities(AL=8)
From the above evaluation results, the following observation could be obtained:

· The performance of NR PDCCH with precoder cycling granularity of REG bundle size is worse than that of LTE PDCCH. Especially when the larger AL is used and the corresponding SNR is relatively low, channel estimation accuracy becomes the dominated factor and the performance gap between LTE PDCCH and NR PDCCH with smaller precoder cycling granularity (i.e. REG bundle size of 2&6, 2 dB and 1.5dB gain could be observed compared to these two REG bundle sizes respectively) grows and close to 2dB gap is observed depending on the precoder granularity.

· When the wideband RS is applied for NR PDCCH, the performance will be improved. 

· When random precoder is selected, the performance of NR PDCCH with wideband DMRS is close to that of LTE PDCCH. 

· When small aggregation level is applied, the performance of NR PDCCH with bundle size of 6 is worse than that NR PDCCH with bundle size of 2. The larger bundle size degrade the frequency diversity gain which is an important factor especially the coding rate is relatively high. The performance with two different bundle sizes is almost same when the aggregation level is high because the coding gain is the dominated factor.
· The performance of NR PDCCH with wideband RS could surpass LTE PDCCH by around 0.2~0.5dB at BLER of 10-2.

From this point of view, we propose to confirm the working assumption.
Proposal1: Confirm the 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.
2.2 Interleaver design 
In the RAN1#90 meeting, the following agreements were achieved.
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

One concern on NR PDCCH structure is the blocking probability may increase because of overlapping between different CORESETs. The interleaver design was extensively discussed in the last meeting. Some companies propose a 2-step interleaver in order to alleviate the blocking probability for potentially overlapped CORESETs [3], [4].  A possible limitation of this 2-step interleaver is that it seems targeted to two CORESETs with the same configuration parameters, such as same mapping type, same REG bundle size and same REG bundle group, etc. For example, blocking cannot be avoided if one localized CORESET and one distributed CORESET are overlapped. Additionally, the first step for this 2-step design is to group the REG bundles within a CORESET into different REG bundle groups and the interleaving is applied within each individual group. The permuted logical REG bundles in each REG bundle group are concatenated together and mapped on the physical REG bundles via a uniform interleaver, e.g. a rectangular interleaver. It is equivalent to split one CORESET into several smaller CORESETs and permute the REG bundles in each of these smaller CORESETs. Considering that a CORESET could be non-contiguous in the frequency domain, the gNB can configure several smaller CORESETs (non-continuous RA is adopted and no overlapping with each other) instead of configuring a larger CORESET and split it into several sub-CORESET.
Observation: The two-step interleaver design seems to target overlapping CORESETs with similar configuration and its operation is somewhat equivalent to configuring several smaller CORESETs.
The interleaving pattern should target good frequency distribution of one PDCCH candidate within the CORESET. We evaluate the simulation of NR-PDCCH with the LTE PDCCH interleaver and a uniform rectangular interleaver. 
The detailed simulation parameters can be found in the appendix. The simulation results are shown in Figures 4 and 5.
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Figure 4:Performance comparison between LTE PDCCH interleaver and rectangular interleaver(delay spread=30ns)
[image: image6.emf]-8 -6 -4 -2 0 2 4 6 8 10 12

10

-4

10

-3

10

-2

10

-1

10

0

SNR(dB)

BLER

DCI=60bits,  bundling size=2, Delay=1000ns

 

 

NR AL=1 LTE interleaver

NR AL=1 rectangular interleaver

NR AL=2 LTE interleaver

NR AL=2 rectangular interleaver

NR AL=4 LTE interleaver

NR AL=4 rectangular interleaver

NR AL=8 LTE interleaver

NR AL=8 rectangular interleaver

[image: image7.emf]-8 -6 -4 -2 0 2 4 6 8 10 12

10

-4

10

-3

10

-2

10

-1

10

0

SNR(dB)

BLER

DCI=60bits,  bundling size=6, Delay=1000ns

 

 

NR AL=1 LTE interleaver

NR AL=1 rectangular interleaver

NR AL=2 LTE interleaver

NR AL=2 rectangular interleaver

NR AL=4 LTE interleaver

NR AL=4 rectangular interleaver

NR AL=8 LTE interleaver

NR AL=8 rectangular interleaver


Figure 5:Performance comparison between LTE PDCCH interleaver and rectangular interleaver(delay spread=1000ns)

From the evaluation results, we can have the following observation:
· The permance of LTE PDCCH interleaver and rectangular interleaver are very close to each other in all the cases. Both interleaver could achieve very good frequency diversity.
· The rectangular interleaver is simpler than LTE PDCCH interleaver on the implementation perpective.  
From the diversity gain point of view, both rectangular interleaver and LTE PDCCH interleaver are sufficient for NR PDCCH. Regarding to the complexity, we slightly prefer rectangular interleaver for NR PDCCH.
Proposal 2: Both rectangular interleaver and LTE PDCCH interleaver are sufficient to achieve diversity gain. From the complexity perspective, we slightly prefer rectangular interleaver for NR PDCCH.
2.3 RS structure for NR-PDCCH
In the last meeting, the working assumption on DMRS density was confirmed as shown below:
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
In LTE system, OCC sequence based on the 2x2 Hadamard matrix could be used to distinguish different antenna ports. The same principle can also be applied for 1/4 DMRS overhead with 3 DMRS REs in each NR-REG. For CORESET duration of 1 symbol, there is an even number of REGs for the agreed REG bundle sizes of 2 and 6.  Therefore, an order 2 Hadamard matrix ([1 1], [1 -1]) can be applied as OCC on each pair of adjacent DMRS REs to distinguish the antenna ports as shown in Figure 1.  For 2-symbol CORESET, the same length-2 OCC can be applied but in the time domain. Similarly, for  a 3-symbol CORESET, time-domain OCC can be applied based on sequences selected from the 3x3 DFT matrix e.g. as 
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Figure 6: Application of time- or frequency domain OCC for orthogonal MU-MIMO
Irrespective of orthogonal or non-orthogonal DMRS, the antenna port for a given UE should be specified if MU-MIMO is used. For orthogonal MU-MIMO the associated OCC for each UE could be indicated implicitly or explicitly. For example, as part of a CORESET configuration, higher layer signaling could indicate to a UE the OCC to be applied for the antenna port. Alternatively, the associated OCC could be determined based on the lowest NR-CCE index occupied by the NR-PDCCH candidate and UE ID, which is similar to EPDCCH. 
Recall that it was agreed at the RAN1 #88bis meeting to support MU-MIMO using at least non-orthogonal DMRS. In contrast to data transmission, where the DMRS port(s) for a UE can be signaled in the DCI, the DMRS port for the NR-PDCCH must be semi-statically configured or derived from other information. One possibility is that the UE derives the DMRS antenna port from a UE ID. The DMRS sequence could be generated as a function of the UE ID and a cell-specific or beam-specific ID. For non-orthogonal DMRS this would place some scheduling restrictions on which UEs can be paired for MU-MIMO transmission. Additionally, a working assumption on PBCH DMRS was achieved: LTE PN generator is reused for PBCH DMRS sequence generation. The DMRS sequence used for PBCH could be a starting point for PDCCH DMRS sequence design. 
A downside to these solutions is that it limits gNB flexibility in forming MU-MIMO pairs but this is a byproduct of using MU-MIMO for control channel.
Proposal 3: Orthogonal MU-MIMO can be supported with 1/4 DMRS overhead by applying either frequency domain or time domain OCC depending on the CORESET duration. 
Proposal 4: For non-orthogonal MU-MIMO is generated based on the UE identity and a cell-specific or beam-specific ID.
3 Conclusion
This contribution discussed some outstanding details regarding the NR PDCCH structure. The proposals are summarized here as follows,
· Proposal: Confirm the 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.
· Proposal: Both rectangular interleaver and LTE PDCCH interleaver are sufficient to achieve diversity gain. From the complexity perspective, we slightly prefer rectangular interleaver for NR PDCCH.
· Proposal: Orthogonal MU-MIMO can be supported with 1/4 DMRS overhead by applying either frequency domain or time domain OCC depending on the CORESET duration.
· Proposal: For non-orthogonal MU-MIMO is generated based on the UE identity and a cell-specific or beam-specific ID.
The following observation could also be obtained accordingly:
· Observation: The two-step interleaver design seems to target overlapping CORESETs with similar configuration and its operation is somewhat equivalent to configuring several smaller CORESETs.
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5 Apendix
Table1: Simulation assumptions for precoder cycling granularity
	Parameter
	Value

	 
	NR
	LTE

	Channel
	TDL-C-1000ns

	System BW (RBs)
	10 MHz

	CORESET BW
	50
	 

	CORESET duration
	2
	CFI = 2

	Number of TX ports
	1
	2 CRS ports

	Tx Diversity
	1 port with precoder cycling
	SFBC

	Antenna configuration
	2Tx 2Rx
	

	AL
	2,4,8

	CCE-to-REG mapping
	Time-first mapping, LTE PDCCH interleaver
	 

	DCI size
	60bits+16bits CRC

	DMRS density
	1/4
	 

	REG bundling size
	6
For 6 BS: 3 in freq, 2 in time


	 

	
	
	

	Precoder granularity
	REG Bundle size in frequency domain;

Wideband RS
	


Table2: Simulation assumptions for interleaver comparison

	Parameter
	Value

	Channel
	TDL-C-30ns, TDL-C-1000ns

	System BW (RBs)
	10 MHz

	CORESET BW
	50

	CORESET duration
	2 OFDM symbols

	Number of TX ports
	1

	Tx Diversity
	1 port with precoder cycling

	Antenna configuration
	2Tx 2Rx

	AL
	1,2,4,8

	CCE-to-REG mapping
	Time-first mapping, LTE PDCCH interleaver/rectangular interleaver

	DCI size
	60bits+16bits CRC

	DMRS density
	1/4

	REG bundling size
	2, 6
For 6 BS: 3 in freq, 2 in time

For 2 BS: 1 in freq, 2 in time
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