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1 Introduction
During RAN1#89 meeting, RAN1 discussed various design issues for NR-PBCH, e.g. relationship among PSS, SSS, and PBCH antenna ports, mapping of PBCH-DMRS REs and PBCH REs, a PBCH-DMRS sequence, PBCH channel coding, and potential PBCH content and payload size. Some relevant agreements are provided below [1]: 
Agreements:
· For NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. 

· Same antenna port is defined for NR-PSS, NR-SSS and NR-PBCH within an SS block

· Single antenna port based transmission scheme for NR-PBCH is transparent to UEs
· Note that frequency domain PC is precluded

· DMRS for NR-PBCH is mapped on every NR-PBCH symbol
· Note: frequency domain RE density for DMRS is FFS

· Down select RE mapping scheme for the DMRS with consideration for required amount of REs for NR-PBCH
· Option 1: DMRS sequence is mapped on subcarriers with equal interval

· Option 2: DMRS sequence is mapped on subcarriers with unequal interval (e.g., less or no mapping within NR-SSS transmission bandwidth)
· DMRS sequence depends on at least cell IDs
· Down select from following alternatives based on further evaluation/analysis in the next meeting
· Alt. 1: NR-PBCH coded bits are mapped across REs in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block

· Alt. 2: NR-PBCH coded bits are mapped across REs in a PBCH symbol, the NR-PBCH symbol is copied to N-1 NR-PBCH symbol in a NR-SS block

· Other Alternatives are not precluded
· For evaluation purposes, followings should be considered
· Channel coding 
· Rate matching 
· Accuracy of CFO estimation
· DMRS RE mapping

· Channel estimation performance
· NR-PBCH one to four shot(s) performance within 80 msec
· Complexity of NR-PSS/SSS/NR-PBCH decoding and mobility measurement
· Reliability of time index
· RAN1 targets design of NR-PBCH payload size to be no larger than 72 bits and no less than 40 bits including CRC.

· Note: Based on the performance evaluation done so far, the upper limit range is between 72 and 48 bits

In this document, we discuss mapping of PBCH-DMRS REs and PBCH REs, and compare demodulation performances between separate encoding of SS block time index from other PBCH contents and joint encoding of all PBCH contents.   
2 Discussion
DMRS sequence and RE mapping
It was shown in other NR physical channel designs (e.g. short PUCCH) that DM RS density of 1/3 for frequency domain multiplexed (FDMed) DMRS has good trade-off between channel estimation performance and DM RS overhead for most of channels [1]. If two PBCH symbols are closely located within a SS block, DMRS density of 1/6 in each PBCH symbol and staggering of DMRS REs by 3 subcarriers in the second PBCH symbol w.r.t. DMRS REs of the first PBCH symbol are expected to achieve link-level performance similar and possibly better than designs with 1/3 DMRS density in each symbol, due to lower DMRS overhead and lower code rate. Furthermore, a consistent DMRS pattern over occupied RBs (rather than no or reduced DM-RS in center 128 subcarriers) would reduce channel estimator complexity, as UE can use the same channel estimator coefficients with sliding the channel estimation filter over different RBs or efficient IFFT channel estimators. If needed, UE can use SSS and PBCH DM RS for fine frequency tracking. The described PBCH DMRS RE pattern results in 48 CFO estimate samples per SS block.
Proposal 1: PBCH DMRS is mapped evenly on every 6th subcarriers over the entire PBCH bandwidth, and PBCH DMRS in the second PBCH symbol is staggered by 3 subcarriers.  
Indicating a SS block time index by using DM RS sequences may require up to 64 hypotheses on DMRS sequences. Blind detection of DMRS sequences with a large number of hypotheses would greatly degrade both channel estimation and PBCH demodulation performances. Thus, in our view, the SS block time index should be carried as a part of PBCH payload.

Proposal 2: PBCH DMRS sequence is not dependent on a SS block time index.
NR-PBCH RE mapping
As explained in [2], if channels bits corresponding to at least SS block time index are self-decodable and mapped to REs within the PSS/SSS bandwidth in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block, UE can operate with bandwidth same as the PSS/SSS bandwidth for determining SS block time index during inter-frequency neighbour cell measurement. Furthermore, UE can only demodulate REs carrying the SS block time index and decode the SS block time index for neighbour cell measurement, instead of full PBCH demodulation and decoding. This would allow UE to perform beam/cell measurement and identification quickly with minimal need for measurement gaps, as requested by RAN2 [3]. CRC bits mainly generated from the SS block time index can further support reliable decoding of SS block time index.  
In LTE, with normal CP length, 1920 coded bits are generated from 40 bit MIB, and they are transmitted with 4 PBCH instances within 40ms PBCH TTI. Each PBCH instance carries self-decodable coded bits and accordingly, an effective code rate for one shot detection is 0.0833 (=40/(1920/4)). 
Assuming 60 information bits including CRC [4] in NR-PBCH, QPSK modulation, and 1/6 DMRS density in each symbol as described above, joint encoding of SS block time index and other PBCH contents results in code rate of 0.0625 (=60/480/2). With separate encoding and RE mapping of SS block time index (e.g. 22 bits including 16 bit CRC) from other PBCH contents (54 bits including 16 bit CRC), i.e. center 8 RBs per symbol used for SS block time index and outer 16 RBs per symbol used for other PBCH contents, effective code rates are 0.0688 (=22/160/2) and 0.0844 (=54/320/2), respectively. Note that separate encoding of other PBCH contents can still maintain similar code rate to LTE PBCH, with a slightly larger codeword size.   
Observation 1: Separate encoding of other PBCH contents from SS block time index can still maintain code rate similar to LTE PBCH, with a slightly larger codeword size. 
3 Performance evaluation

Table 1 presents simulation assumptions for link-level performance evaluations.
Table 1 Link-level simulation assumptions

	Parameters
	Values

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Subcarrier spacing 
	15KHz

	PBCH payload size, PBCH RE mapping, and code rate
	Separate encoding: 
· SS block index: 22 bit including 16 bit CRC, center 8 RBs per PBCH symbol, code rate of 0.0688  

· Other PBCH contents: 54 including 16bit CRC, outer 16 RBs per PBCH symbol, code rate of 0.0844
Joint encoding: 60 bits including 16 bit CRC, RE mapping across PBCH symbols, code rate of 0.0625

	Channel coding
	LTE TBCC 

	UE speed
	3 km/h

	SS burst set periodicity
	20 ms

	Channel model 
	TU6

	Antenna configuration
	UE 1 Tx port, gNB 2 Rx ports

	Channel and noise estimation 
	Ideal


Figure 1 provides the one shot demodulation performances for SS block time index and other PBCH contents, when separately encoded. In addition, demodulation performances of joint encoding are provided for the cases of full allocation (24 RBs). It is shown that separate encoding of SS block time index has 1.5dB SNR loss at 1% BLER compared to joint encoding with full allocation. However, 1% BLER for decoding of SS block time index and for decoding of other PBCH contents can still be achieved approximately at -6dB SNR, which is a target SNR for PSS/SSS detection. Thus, separate encoding of SS block is not a limiting factor for cell/beam identification and measurement performances. For other PBCH contents, UE can further combine multiple receptions across SS blocks within a SS burst set and/or across SS burst sets.
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Figure 1 One shot PBCH demodulation performances for 1 SS block  
Observation 2: Separate encoding of SS block and other PBCH contents is not a limiting factor for cell/beam identification performances. 
Proposal 3: Channels bits corresponding to at least SS block time index are self-decodable and mapped to REs within the PSS/SSS bandwidth in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block.
4 Conclusion
In summary, we propose the followings for RE mapping of NR-PBCH and NR-PBCH DMRS:

· Proposal 1: PBCH DMRS is mapped evenly on every 6th subcarriers over the entire PBCH bandwidth, and PBCH DMRS in the second PBCH symbol is staggered by 3 subcarriers.  
· Proposal 2: PBCH DMRS sequence is not dependent on a SS block time index.
· Observation 1: Separate encoding of other PBCH contents from SS block time index can still maintain code rate similar to LTE PBCH, with a slightly larger codeword size.
· Observation 2: Separate encoding of SS block and other PBCH contents is not a limiting factor for cell/beam identification performances.
· Proposal 3: Channels bits corresponding to at least SS block time index are self-decodable and mapped to REs within the PSS/SSS bandwidth in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block.
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