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1. Introduction
In RAN1 #90 [1], the following agreements on NR-PDCCH physical structure and DMRS have been reached. 
	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
Agreements:
· DMRS density for a CORESET is down-selected between 1/3 or 1/4.
· FFS: need of additional DMRS density.
· Sequence, density, and applicability of MU-MIMO is still under discussion
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



This contribution presents our view on some remaining details on NR-PDCCH structure and DMRS, specifically to address some of above FFS issues. 
2. Discussion
2.1 Interleaver design for CCE-to-REG mapping 
According to the above agreements, interleaving operates on REG bundles, and the interleaving pattern is derived by the CORESET configuration and is not dependent on other CORESET configuration. Moreover, the interleaver design should take into account the following performance metrics: frequency distribution of REG bundles within the CORESET, blocking probability for potential overlapped CORESET(s), and inter-cell/inter-TRP interference randomization. In our view, the primary goal of the interleaver for CCE-to-REG mapping should be frequency distribution of the REG bundles within the CORESET.
From the standpoint of maximizing the frequency distribution of each CCE within the CORESET, the sub-block interleaver used in LTE PDCCH can be sufficient. Specifically, each entry in the sub-block interleaver shall be the configured REG bundle instead of REG in LTE PDCCH sub-block interleaver. The number of rows in the interleaver matrix is equal to the number of REG bundles per CCE. And the number of columns is equal to the number of CCEs supported in the CORESET. The REG bundles numbered in ascending order in frequency are written into the sub-block interleaver matrix row-by-row, followed by some inter-column permutation, and read out column-by-column. The sequential REG bundles at the output of the interleaver form the CCE in logical number, on which the search space is defined. 
Additionally, cell-/TRP-specific inter-column permutation can potentially improve the inter-cell/TRP interference randomization. In addition, some other parameters like CORESET index, start symbol index of the CORESET and slot index may be also taken into account for the inter-column permutation. However, it is foreseen that similar to LTE PDCCH, search space [2] may also consider these parameters for the sake of improved blocking probability and interference randomization, hence all these parameters may not be necessary for inter-column permutation of the interleaving operation.        
[bookmark: p1]Proposal 1: 
· Sub-block interleaver is used for the CORESET with interleaved CCE-to-REG mapping. 
· Physical or virtual cell ID-based inter-column permutation is used for the input parameter of interleaving operation.
· FFS: Use of other parameters like CORESET index, starting symbol index of the CORESET, and slot index as inputs to the interleaver function.  
2.2 DMRS and MU-MIMO support
According to the above work assumption, DMRS density per REG is 1/4 at least for normal CP. It is shown from [3] that DMRS density of 1/4 outperforms density of 1/3 for AL1 PDCCH with large payload size for which the coding gain is more critical than channel estimation performance in the relevant SNR operation region. For PDCCH with high ALs in low SNR region, both options show similar performance. As such, we would like to confirm this work assumption as follows.  
[bookmark: p2]Proposal 2: 
· DMRS density per REG of 1/4 is supported at least for normal CP.  

To increase the control channel spectrum efficiency, it was agreed that non-orthogonal DMRS based MU-MIMO shall be supported by NR-PDCCH in a specification transparent manner. It remains FFS whether orthogonal DMRS based MU-MIMO should be supported for NR-PDCCH. So far RAN1 has not agreed on detailed evaluation methods/scenarios on MU-MIMO for NR-PDCCH. To obtain some insight on the impact of DMRS design on the MU-MIMO performance, we have conducted simplified MU-MIMO simulations to compare two DMRS designs: density of 1/3 (two pairs of two adjacent REs with OCC of length 2) and 1/4 (3 REs uniformly distributed in REG with DFT vector based OCC of length 3). The detailed simulation parameters are given in Table A-1 in Appendix.   
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	(a) TDL-A, DS 30ns
	(b) TDL-A, DS 300ns



Figure 1. MU-MIMO, DMRS density of 1/3 with OCC-2 vs. DMRS density of 1/4 with OCC-3, DCI 60 bits, random precoder cycling, 2 control symbols, time-first non-interleaved CCE-to-REG mapping, 6REGs/REGB 
It is observed from Fig. 1 that with simplified MU-MIMO simulation scenario described in Table A-1, for less frequency selective fading channel, e.g., DS of 30 ns, both DMRS designs exhibit similar performance. However for more frequency selective channel, e.g., DS of 300 ns, the DMRS of density 1/3 with OCC-2 seems to outperform that of density of 1/4 with OCC-3. This seems to be attributed to different channel estimation performances of two DMRS designs. It should be noted that in the simplified evaluation, the gNB assumes no CSI about two MU-MIMO UEs and applies random precoders for both UEs, and MMSE based equalizer is used for MU-MIMO interference suppression at the UE. As a result, the performance shown in Fig. 1 should be more pessimistic than the case where CSI is available at the gNB so that proper precoder can be employed.
[bookmark: o1]Observation 1: 
· In simplified MU-MIMO evaluation with orthogonal DMRS, DMRS of density 1/3 with OCC-2 shows better performance than density 1/4 with OCC-3 in more frequency selective fading channel. 
· However, reliance on orthogonal DMRS can be much reduced with appropriate spatial separation that may be reasonable to expect in NR systems. 
[bookmark: p3]
Proposal 3: 
· Orthogonal DMRS based MU-MIMO may not be supported in Rel-15.   
2.3 PDCCH coverage performance
In RAN1 #90 meeting, it has been discussed whether to support additional AL, e.g., 16, in order to ensure required coverage performance. To have better understanding on this issue, we have evaluated PDCCH performance considering various aspects including different DCI sizes, different channel delay spreads, and different FEC coding schemes, i.e., Polar codes and TBCC for comparison. It should be noted that the simulated Polar codes is implemented according to the latest agreements in [1] except the interleaver design. The detailed simulation parameters are presented in Table A-2 in Appendix.         
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(a) DCI 20b, DS 30ns
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(b) DCI 20b, DS 1000ns
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(c) DCI 40b, DS 30ns
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(d) DCI 40b, DS 1000ns
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(e) DCI 60b, DS 30ns
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(f) DCI 60b, DS 1000ns



Figure 2. DMRS density of 1/3, random precoder cycling, 2 control symbols, frequency first interleaved CCE-to-REG mapping, 2REGs/REGB 
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(a) DCI 60b, DS 30ns
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(b) DCI 60b, DS 1000ns


Figure 3. DMRS density of 1/3, random precoder cycling, 2 control symbols, frequency first interleaved CCE-to-REG mapping, 6REGs/REGB
It is observed from Figs. 2 and 3 that latest Polar codes outperforms TBCC by about 0.7dB in all simulation cases. With the simulated CORESET configuration, thanks to better frequency diversity, PDCCH shows better performance in more frequency selective fading channel. The SNR values to achieve 1% BLER for different cases are summarized in table 1 below.
Table 1 SNRs for PDCCH of AL8 and AL16 at 1% BLER
	SNRs [dB]
	TDL-A, DS: 30 ns
	TDL-A, DS: 1000ns

	
	Polar codes
	TBCC
	Polar codes
	TBCC

	DCI: 20b (1)
	-6.2
	-5.4
	-7.1
	-6.3

	DCI: 40b (1)
	-4.8
	-4.1
	-5.7
	-4.8

	DCI: 60b
	AL8 (1)
	-3.4
	-2.9
	-4.5
	-3.7

	
	AL16 (1)
	-6.6
	-5.7
	-7.1
	-6.3

	
	AL8 (2)
	-4.5
	-3.9
	-4.9
	-3.9

	
	AL16 (2)
	-7.9
	-6.8
	-7.9
	-7.1

	Notes 1: 2 REGs/REGB; Notes 2: 6 REGs/REGB



According to the simulation results in Table 1, we have the following observations
[bookmark: o2]Observation 2: 
· 1% BLER of PDCCH AL8 in simulated cases can be achieved at the following SNR region (no implementation margin included).
· For small DCI size, e.g., 20b, 1% BLER can be achieved at SNR at around -6dB. 
· For moderate DCI size, e.g., 40b, 1% BLER can be achieved at around -4.8dB. 
· For large DCI size, e.g., 60b, 1% BLER can be achieved at around -3.4dB and -4.5dB for 2 and 6REGs/REGB, respectively.  
3. [bookmark: _GoBack]Conclusions
Given the discussion above, our observations and proposals in this contribution are summarized as follows.
Proposal 1: 
· Sub-block interleaver is used for the CORESET with interleaved CCE-to-REG mapping. 
· Physical or virtual cell ID-based inter-column permutation is used for the input parameter of interleaving operation.
· FFS: Use of other parameters like CORESET index, starting symbol index of the CORESET, and slot index as inputs to the interleaver function.  
Proposal 2: 
· DMRS density per REG of 1/4 is supported at least for normal CP.  

Observation 1: 
· In simplified MU-MIMO evaluation with orthogonal DMRS, DMRS of density 1/3 with OCC-2 shows better performance than density 1/4 with OCC-3 in more frequency selective fading channel. 
· However, reliance on orthogonal DMRS can be much reduced with appropriate spatial separation that may be reasonable to expect in NR systems. 
Proposal 3: 
· Orthogonal DMRS based MU-MIMO may not be supported in Rel-15.   

Observation 2: 
· 1% BLER of PDCCH AL8 in simulated cases can be achieved at the following SNR region (no implementation margin included).
· For small DCI size, e.g., 20b, 1% BLER can be achieved at SNR at around -6dB. 
· For moderate DCI size, e.g., 40b, 1% BLER can be achieved at around -4.8dB. 
· For large DCI size, e.g., 60b, 1% BLER can be achieved at around -3.4dB and -4.5dB for 2 and 6REGs/REGB, respectively.
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Appendix
Table A-1. Link level simulation parameters for MU-MIMO evaluation
	Parameters
	Value

	Carrier frequency [GHz]
	4

	Channel model
	TDL-A, Delay scaling: 30ns/300ns

	Channel coding
	TBCC 

	Number of gNB transmit antennas
	4

	Number of UE receive antennas
	2

	UE speed [km/h]
	3

	Numerology [KHz]
	15

	System bandwidth [MHz]
	20

	DCI payload size [Bits]
	60

	RB allocations for control resource set
	[1:24]

	Number of control symbols
	2

	Number of REGs/CCE
	6

	CCE-To-REG mapping
	Time-first, non-interleaved

	Number of REG per REG bundle
	6

	Aggregation levels
	1, 2, 4 and 8

	Transmission scheme
	4 Tx: random per-REGB precoder cycling

	DMRS
	DMRS of 4REs (two pair of two adjacent REs) per REG with OCC-2
DMRS of 3 REs (3 uniformly distributed REs) per REG with OCC-3 (DFT vector)

	Channel estimation
	MMSE, averaging within REGB 

	UE receiver
	MMSE



Table A-2. Link level simulation parameters for PDCCH coverage performance
	Parameters
	Value

	Carrier frequency [GHz]
	4

	Channel model
	TDL-A, Delay scaling: 30ns/1000ns

	Channel coding
	Polar codes, TBCC with 16bits CRC

	Number of gNB transmit antennas
	4

	Number of UE receive antennas
	2

	UE speed [km/h]
	3

	Numerology [KHz]
	15

	System bandwidth [MHz]
	20

	DCI payload size [Bits]
	20, 40, 60

	RB allocations for control resource set
	[1:24] for AL4 and AL8, [1:48] for AL16

	Number of control symbols
	2

	Number of REGs/CCE
	6

	Number of REGs per REG bundle
	2 and 6.

	CCE-to-REG mapping
	Frequency first interleaved.

	Aggregation levels
	4, 8, 16

	Transmission scheme
	4 Tx: random per-REGB precoder cycling

	DMRS
	DMRS of 4REs (two pair of two adjacent REs) per REG with OCC-2

	Channel estimation
	MMSE, averaging within REGB

	UE receiver
	MMSE
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