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Introduction
In the last meeting, one-port diversity scheme with REG bundling per CCE was agreed as a working assumption for NR-PDCCH. The REG bundling size for distributed CCE-to-REG mapping was also agreed as a working assumption for 2 or 3 REGs. In this contribution, we provide our views on the REG bundling size, pilot density and pilot structure for NR-PDCCH.
Working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS the bundling size
· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels 

Agreements:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 
· FFS on REG bundle size
· FFS whether REG bundle size is configurable
Working assumption:
· A NR-CCE is defined as 6 REGs
· Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs
· FFS: impact of the NR-CCE definition on CORESET size, CCE aggregation levels, data resource allocation granularity, etc.

Discussion 
In the next two sections, we present our views on pilot structure and REG bundling size for NR-PDCCH. We also present some simulation results for pilot density and REG bundling size for the one symbol NR-PDCCH. 
Pilot Density
For one symbol PDCCH and one port transmission a natural choice is uniform pilot spacing as shown in Fig 1-1A, to capture the frequency selectivity of the channel. For two or more symbol PDCCH, one could envision several possible DMRS patterns. Some examples are shown in Fig 1. 


Figure 1: Potential DMRS Pilot Patterns for NR-PDCCH
For example, 
· Pattern (2A) is useful when gNB is utilizing different beams/precoders in each OFDM symbols, and we have frequency first mapping of REGs/CCEs to REs. It is beneficial for each symbol to have their own DMRS.
· Pattern (2B) is a front-loaded DMRS pattern. The channel estimation from the first symbol can be applied for the second symbol, if the same precoder is applied to both the two OFDM symbols. Pattern (2B) is friendly from a latency perspective as channel estimation can be triggered after the very first symbol.
· Pattern (2C) has the same pilot density as Patter (2B) but utilizes staggering of DMRS pilots across two OFDM symbols. Pattern (2C) might provide performance benefits over Pattern (2B) for low delay spread, high Doppler scenarios. Pattern (2C) however is not as timeline friendly as Pattern (2B).
· Pattern (2D) is a variation of Pattern (2A) where the pilots in the second symbol are very sparse in frequency. This pattern is similar to PTRS in PDSCH DMRS, and can provide phase compensation benefits, though the benefits of phase compensation for PDCCH that uses QPSK transmission have to be studied. 

Simulation study comparison should be performed for at least some of the above-mentioned patterns over different channel models, to finalize the pilot pattern and pilot density for multi-symbol PDCCH. Hence we have the following proposal.
Proposal 1: Study at least a subset of pilot patterns (2A-2D) and densities for pilot structure design for multi-symbol NR-PDCCH.
 We next present some observations from the simulation results in section 5 for different pilot densities for the one-symbol PDCCH.  
Observation 1: From the RS density results in Section 5, for SCDD, we can make the following observations
· At AL 8 and AL 4, 1/2, 1/3, and 1/4 RS density yield similar performance
· At AL 2, 1/4 and 1/3 RS density yield similar performance and are better than 1/2-RS density
· The gap between 1/2-RS density and 1/3&1/4-RS density is small (~0.3dB)
· At AL 1, 1/4 and 1/3 RS density yield similar performance and are better than 1/2-RS density 
· The gap between 1/2-RS density and 1/3&1/4-RS density is large (~2.0dB) as AL1 is more coding-gain hungry
· Between 1/4 and 1/3 pilot density that have similar performance, 1/3 pilot density will be more robust to large delay spreads compared to 1/4 pilot density.

Based on the above observations, we have the following proposal
Proposal 2: Based on simulation results of performance of NR-PDCCH over different channel models and delay spreads, we propose 1/3 pilot density to be adopted for 1 symbol NR-PDCCH. 
REG bundle size study
REG bundle size determines the minimal resource allocation unit that is consecutive in frequency. The choice of the bundle size should strike the right balance between channel estimation performance and frequency diversity. UE channel estimation complexity should also be considered in RB bundle size determination.  We present the REG bundle size comparison in Section 6, from which the following observations can be made.
Observation 2: From the bundle size study in Section 6, for SCDD, we can make the following observations
· 2 ,3 – PRB-bundling have similar performance across Aggregation Levels 1, 2, 4 and 8
· 6 – PRB bundling has better performance than 2/3 PRB bundling for Aggregation Level 4,8
· But at the expense of increased channel estimation complexity
· From a channel estimation complexity perspective, and performance PRB bundling size of 2 or 3, are good candidates for NR-PDCCH

Proposal 3: From a performance standpoint and also not to introduce unnecessary complexity at UE, one of the REG bundling size of 2 or 3 PRB shall be adopted for NR-PDCCH for the case of distributed CCE-to-REG mapping with narrowband RS.
Proposal 4: For localized CCE-to-REG mapping with narrowband RS case, 6 PRB bundling and 2 or 3 PRB bundling (whichever is adopted for distributed CCE-to-REG mapping with narrowband RS) can be allowed so that NW can choose different single port TX diversity schemes (e.g., SCDD, precoder cycling).
Proposal 5: For wideband RS case, no PRB bundling is assumed within the configured control resource set.
Conclusions
In summary the following observations and proposals have been made 
Proposal 1: Study at least a subset of pilot patterns (2A-2D) and densities for pilot structure design for multi-symbol NR-PDCCH.
Proposal 2: We propose 1/3 pilot density to be adopted for 1 symbol NR-PDCCH.
Proposal 3: Only one of the REG bundling size (either 2 or 3 PRB) shall be adopted for NR-PDCCH for the case of distributed CCE-to-REG mapping with narrowband RS.
Proposal 4: For localized CCE-to-REG mapping with narrowband RS case, 6 PRB bundling and 2 or 3 PRB bundling (whichever is adopted for distributed CCE-to-REG mapping with narrowband RS) are allowed.
Proposal 5: For wideband RS case, no PRB bundling is assumed within the configured control resource set.
 
Observation 1: From the RS density results in Section 5, for SCDD, we can make the following observations
· At AL 8 and AL 4, 1/2, 1/3, and 1/4 RS density yield similar performance
· At AL 2, 1/4 and 1/3 RS density yield similar performance and are better than 1/2-RS density
· The gap between 1/2-RS density and 1/3&1/4-RS density is small (~0.3dB)
· [bookmark: _GoBack]At AL 1, 1/4 and 1/3 RS density yield similar performance and are better than 1/2-RS density 
· The gap between 1/2-RS density and 1/3&1/4-RS density is large (~2.0dB) as AL1 is more coding-gain hungry
· Between 1/4 and 1/3 pilot density that have similar performance, 1/3 pilot density will be more robust to large delay spreads compared to 1/4 pilot density.

Observation 2: From the bundle size study in Section 6, for SCDD, we can make the following observations
· 2 ,3 – PRB-bundling have similar performance across Aggregation Levels 1, 2, 4 and 8
· 6 – PRB bundling has better performance than 2/3 PRB bundling for Aggregation Level 4,8
· But at the expense of increased channel estimation complexity
· From a channel estimation complexity perspective, and performance PRB bundling size of 2 or 3, are good candidates for NR-PDCCH
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	Parameter
	Value

	Channel profile
	TDL-C 100ns and 300ns

	Number of BTS antennas
	2

	Number of UE antennas
	2

	beamforming scheme
	no beamforming

	Number of REGs(containing RS) for each CCE
	6 REGs (1 REG = 1PRG in a single OFDM symbol)

	Number of symbols
	1

	subcarrier spacing
	30KHz

	CORESET BW
	17.28MHz
576 REs = 12*6*8 REs (can accommodate one AL8)

	RS overhead
	1/2 1/3 ¼

	Coding
	TBCC list=1

	Channel Estimation
	One-shot narrow band channel estimation 

	Channel estimation bundle-size == minimum resource allocation unit
	1,2,3 REGs (1REG = 1PRG in a single OFDM symbol)

	Search Space
	distributed search space (the minimum resource allocation units for each aggregation level are equally spread within the entire 17.28MHz CORESET)

	Amount of cyclic delay in case of SCDD
	400ns



	SCDD
RS density per port
	SFBC
RS density per port
	PDCCH REs 
per CCE (RS excluded)
	Code rate @ AL1

	
	
	
	DCI = 50 (w CRC)

	½
	¼
	36
	0.69

	1/3
	1/6
	48
	0.52

	¼
	
	54
	0.46
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Figure 1 1-PRB bundling; Delay spread = 100ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are TTD 
[image: ]
Figure 2 2-PRB bundling; Delay spread = 100ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are SCDD 

[image: ]
Figure 3 3-PRB bundling; Delay spread = 100ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are SCDD
[image: ]
Figure 4 1-PRB bundling; Delay spread = 300ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are SCDD
[image: ]
Figure 5 2-PRB bundling; Delay spread = 300ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are SCDD 
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Figure 6 3-PRB bundling; Delay spread = 300ns. Legend = [AggLevel, PerPortRS_spacing, BundleSize, DelaySpread] Dashed lines are SFBC, solid lines are SCDD 

Appendix – RB Bundling Simulation Results   

Table 1: Evaluation assumptions for Tx diversity schemes of DL control channel
	Parameter
	Value

	Channel profile
	TDL-C 30ns, 300ns and 1000 nsec

	Number of BTS antennas
	2

	Number of UE antennas
	2

	beamforming scheme
	no beamforming

	Number of REGs(containing RS) for each CCE
	6 REGs (1 REG = 1PRB in a single OFDM symbol)

	Number of symbols
	1

	subcarrier spacing
	15KHz

	Control resource set (CORESET) BW
	17.28MHz
1152 REs = 12*6*8*2 REs (can accommodate 2 AL8)

	DCI Size
	20,60 (+ 16 bit CRC)

	RS overhead
	 1/3 

	Coding
	TBCC list=1

	Channel Estimation
	One shot MMSE Channel Estimation 

	Channel estimation bundle-size == minimum resource allocation unit
	2,3,6 REGs (1REG = 1PRB in a single OFDM symbol)

	Search Space
	Distributed search space (the minimum resource allocation units for each aggregation level are equally spread within the entire 17.28MHz CORESET)

	Amount of cyclic delay in case of SCDD
	800ns

	Precoders used for Precoder Cycling
	Chosen randomly from the set {[1,1],[1,j],[1,-1],[1,-j]} 
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