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1. Introduction
This contribution provides our SS block composition and PBCH RE mapping. Below are the related RAN1#89 agreements:
	Agreements: 
· For SS block composition, the following should be supported
· Confirm the working assumption that NR-PSS, NR-SSS and NR-PBCH are present in every SS block
· NR-PSS is mapped before NR-SSS.
· In case that number of PBCH symbols is two within a SS block,
· Option 1: The mapping order of SS blocks is PSS-SSS-PBCH-PBCH
· Option 2: The mapping order of SS blocks is PSS-PBCH-SSS-PBCH
· Option 3: The mapping order of SS blocks is PBCH- PSS-SSS-PBCH
· Option 4: The mapping order of SS blocks is PSS-PBCH-PBCH-SSS
· Down selection from above options should be done together with NR-PBCH design decision

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

Agreements:
· 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


 
2. SS block composition
We provide the PBCH performance evaluation with Polar codes in Section 4 for all SS block composition options and different Doppler (3km/h, 120km/h and 500km/h). Since SSS and PBCH are transmitted over the same antenna port, the PBCH performance is improved by using both DMRS and SSS for channel estimation. Based on the simulation results, we would like to make the following observations:
Observation 1: SS block composition Option 2 (e.g., PSS-PBCH-SSS-PBCH) provides the best PBCH performance out of 4 SS block composition options.
Observation 2: SS block composition options except Option 2 have performance degradation in high Doppler. More specifically, the degradation is 1.2dB – 3.8dB depending on SS block composition when the SS block sub-carrier spacing is 15kHz and up to 1dB when SS block sub-carrier spacing is 30kHz. 
Based on the above observations, we make the following proposal on SS block composition.
Proposal 1: NR adopts the SS block composition option 2 (e.g., PSS-PBCH-SSS-PBCH).
3. PBCH RE mapping
It is proposed that NR-PBCH mapping follows Alt.2 in RAN1#89 agreements e.g., 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. This RE mapping can offer a simple PBCH-based CFO estimation/refinement (without PBCH decoding). More specifically, using identical PBCH symbols, UE can refine CFO that was estimated using PSS/SSS before demodulating PBCH. 
Another benefit of the RE mapping Alt. 2 is that it can provide noise estimation refinement which is beneficial for channel estimation. 
Observation 3: PBCH RE mapping Alt. 2 can offer PBCH-based CFO refinement which improves PBCH demodulation performance. In addition, it can offer noise estimation refinement which is beneficial for channel estimation.
Figure 1 illustrated CFO estimation/refinement performance at very low SNR, 120kHz subcarrier spacing and channel CDL-C with 30ns and 100ns delay spread. In generating the refined (PBCH-based) CFO estimation results, we used the re-encoded PBCH symbols (i.e., assumed PBCH was correctly decoded and regenerated for CFO estimation). However, our studies [3] show at SNR, a comparable CFO estimation performance can be achieved using the repeating structure of PBCH symbols (i.e., Alt.2 design), without a need to decode/re-encode PBCH symbols.
Two observations:
· Assume SS block composition as PSS-PBCH-SSS-PBCH. The PBCH-based CFO refinement can reduce the CFO estimation error from around 20kHz (e.g., 16.7% subcarrier spacing) to around 5kHz (e.g., 4% subcarrier spacing) at more than 95th percentile.
· When comparing to SS block composition option with the back-to-back PBCH symbols (e.g., PSS-PBCH-PBCH-SSS), the SS block composition PSS-PBCH-SSS-PBCH provides much better CFO estimation – the 95th percentile residual CFO error is about 60% of the error corresponding to the other option (i.e., PSS-PBCH-PBCH-SSS). 
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[bookmark: _Ref485293935]Figure 1: PBCH-based CFO refinement performance at very low SNR

From PBCH channel coding perspective, given the number of resources in one PBCH symbols is high e.g., the coding rate is low (for example, the coding rate is around 1/8 if DMRS density is 1/4 and 56 bits in PBCH payload), both PBCH RE mapping options in RAN1#89 agreements should have very comparable coding gain. Additionally, Alt. 2 may simplify Polar code design and processing for PBCH. Note that the puncturing pattern needs to be carefully designed if only a partial Polar codeword is repeated. For example, if Polar code of Nmax = 512 is designed, QPSK and DMRS density is 1/4, the number of channel bits for PBCH is 864. This means with Alt. 1, we can have one full Polar codeword of length 512 and a partial codeword of 352. Note that some puncturing pattern needs to be carefully designed for 352 bits to maintain a good Polar code structure. From LLR combining, some additional processing may be required, which is not needed for the Alt. 2.
Observation 4: Both PBCH RE mapping options in RAN1#89 agreements should have very comparable coding gain. In addition, Alt. 2 may simplify Polar coding design and processing.
Based on above observations on PBCH RE mapping, we make the following proposal:
Proposal 2: Adopt PBCH RE mapping Alt. 2 (e.g., 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). 
Another aspect of RE mapping is to determine where we should start the mapping. In particular, we propose to map REs with frequency first e.g., we first map the REs in the frequency for one PBCH symbol and then map into the second symbol. Note that the SSS bandwidth is quite large and SSS/PBCH are transmitted over the same antenna port. Some UEs at high SNR may be able to demodulate PBCH successfully using PBCH REs within SSS bandwidth only if the PBCH RE mapping is carefully designed. More specifically, to enable such PBCH decoding feature, we can map PBCH from REs overlapping with the SSS bandwidth as illustrated in Figure 2.
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[bookmark: _Ref485299103]Figure 2: PBCH RE mapping from the SSS sub-band
Proposal 3: PBCH REs are mapped with frequency first. In addition, the PBCH REs mapping starts from REs overlapping with SSS bandwidth to enable the self-decodability of the center PBCH portions.
4. [bookmark: _Ref485287352]PBCH performance analysis
The simulations follow assumptions following [4]. An exception is that instead of using TBCC 1/3 as channel coding, we use Polar coding as agreed in RAN1#89:
	Agreement:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
· Working assumption that the data, including time index if carried by NR-PBCH excluding DMRS, is transmitted explicitly	
· Can be revisited if significant benefit is shown from partial implicit transmission of time index if allowed by the polar code design



Furthermore, the PBCH payload is 56 bits including 19 CRC bits as discussed in [1]. The Polar code length is 512 and the Polar codeword is punctured to rate-match the available PBCH resource elements. In addition, the Polar list decoding size is 8. From channel estimation aspects, both DMRS and SSS are used. Since RAN1 agreed that SSS and PBCH are transmitted over the same antenna port, the usage of SSS for channel estimation is greatly beneficial to PBCH demodulation performance. Other simulation configurations include:
· Single cell and CDL-C 100ns
· 2 transmit antennas and 2 receive antennas
· Timing and frequency offsets are perfectly known to UE.
The DMRS design is provided in [2]. Here, we study both uniform (e.g., DMRS is uniformly spaced within a PBCH symbol) and non-uniform DMRS (DMRS is uniformly spaced outside SSS bandwidth while no DMRS within SSS bandwidth). 
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Uniform DMRS                                  Non-uniform DMRS
Figure 3. Uniform vs. non-uniform DMRS
The simulation results are summarized in Table 1 and Table 2 for 15kHz and 30kHz SS block sub-carrier spacing respectively. 
[bookmark: _Ref485286139]Table 1: 15kHz sub-carrier spacing of SS block
	Pattern
	Uniform
	Density
	SNR at 1% BLER
	Perf. gain (dB)

	
	
	
	3km/h
	120km/h
	500km/h
	3km/h
	120km/h
	500km/h
	Avg. gain

	PSS-PBCH-SSS-PBCH
	0
	1/3
	-3.47
	-3.18
	-1.84
	0.00
	0.37
	0.28
	0.22

	
	
	1/4
	-3.48
	-3.55
	-2.12
	
	
	
	

	
	1
	1/3
	-2.95
	-3.17
	-1.31
	0.53
	0.38
	0.81
	0.57

	
	
	1/4
	-3.34
	-3.27
	-1.87
	0.14
	0.28
	0.25
	0.22

	PBCH-PSS-SSS-PBCH
	0
	1/3
	-3.38
	-3.10
	1.64
	0.10
	0.45
	3.76
	1.44

	
	
	1/4
	-3.54
	-3.35
	1.56
	-0.06
	0.20
	3.68
	1.27

	
	1
	1/3
	-2.95
	-2.75
	0.91
	0.53
	0.80
	3.03
	1.45

	
	
	1/4
	-3.22
	-3.31
	0.20
	0.26
	0.24
	2.32
	0.94

	PSS-SSS-PBCH-PBCH
	0
	1/3
	-3.41
	-3.18
	
	0.07
	0.37
	
	0.22

	
	
	1/4
	-3.51
	-3.24
	
	-0.04
	0.31
	
	0.14

	
	1
	1/3
	-2.88
	-2.70
	-0.73
	0.60
	0.85
	1.38
	0.94

	
	
	1/4
	-3.47
	-3.42
	-1.04
	0.00
	0.13
	1.07
	0.40

	PSS-PBCH-PBCH-SSS
	0
	1/3
	-3.27
	-3.18
	
	0.21
	0.37
	
	0.29

	
	
	1/4
	-3.48
	-3.30
	
	-0.01
	0.24
	
	0.12

	
	1
	1/3
	-3.01
	-2.98
	-0.67
	0.46
	0.57
	1.45
	0.83

	
	
	1/4
	-3.27
	-3.23
	-0.94
	0.21
	0.32
	1.17
	0.56

	Minimum
	-3.54
	-3.55
	-2.12
	
	
	
	



[bookmark: _Ref485286136]Table 2: 30kHz sub-carrier spacing of SS block
	Pattern
	Uniform
	Density
	SNR at 1% BLER
	Perf. gain (dB)

	
	
	
	3km/h
	120km/h
	500km/h
	3km/h
	120km/h
	500km/h
	Avg. gain

	PSS-PBCH-SSS-PBCH
	0
	1/3
	-3.94
	-3.75
	-3.41
	0.12
	0.32
	0.24
	0.23

	
	
	1/4
	-4.06
	-4.07
	-3.65
	

	
	1
	1/3
	-3.21
	-3.19
	-2.82
	0.85
	0.87
	0.83
	0.85

	
	
	1/4
	-3.66
	-3.60
	-3.24
	0.40
	0.47
	0.41
	0.43

	PBCH-PSS-SSS-PBCH
	0
	1/3
	-3.58
	-3.51
	-3.16
	0.48
	0.56
	0.50
	0.51

	
	
	1/4
	-3.92
	-3.78
	-3.24
	0.14
	0.29
	0.41
	0.28

	
	1
	1/3
	-3.24
	-3.24
	-2.54
	0.82
	0.83
	1.11
	0.92

	
	
	1/4
	-3.72
	-3.69
	-3.08
	0.34
	0.38
	0.58
	0.43

	PSS-SSS-PBCH-PBCH
	0
	1/3
	-3.75
	-3.58
	-2.31
	0.31
	0.49
	1.34
	0.71

	
	
	1/4
	-4.03
	-3.98
	-2.92
	0.03
	0.08
	0.73
	0.28

	
	1
	1/3
	-3.38
	-3.26
	-2.45
	0.69
	0.80
	1.21
	0.90

	
	
	1/4
	-3.88
	-3.77
	-3.43
	0.18
	0.30
	0.22
	0.23

	PSS-PBCH-PBCH-SSS
	0
	1/3
	-3.78
	-3.64
	-2.29
	0.28
	0.43
	1.36
	0.69

	
	
	1/4
	-3.82
	-3.80
	-2.67
	0.24
	0.27
	0.99
	0.50

	
	1
	1/3
	-3.29
	-3.37
	-2.58
	0.77
	0.69
	1.08
	0.85

	
	
	1/4
	-3.69
	-3.69
	-3.18
	0.37
	0.37
	0.47
	0.41

	Minimum
	-4.06
	-4.07
	-3.65
	
	
	
	



5. Conclusions
This contribution has discussed NR-PBCH payload as well as NR-PBCH design. More specifically, the following observations and proposals are made:
Observation 1: SS block composition Option 2 (e.g., PSS-PBCH-SSS-PBCH) provides the best PBCH performance out of 4 SS block composition options.
Observation 2: SS block composition options except Option 2 have performance degradation in high Doppler. More specifically, the degradation is 1.2dB – 3.8dB depending on SS block composition when the SS block sub-carrier spacing is 15kHz and up to 1dB when SS block sub-carrier spacing is 30kHz.
Observation 3: PBCH RE mapping Alt. 2 can offer PBCH-based CFO refinement which improves PBCH demodulation performance. In addition, it can offer noise estimation refinement which is beneficial for channel estimation.
Observation 4: Both PBCH RE mapping options in RAN1#89 agreements should have very comparable coding gain. In addition, Alt. 2 may simplify Polar coding design and processing.

[bookmark: _GoBack]Proposal 1: NR adopts the SS block composition option 2 (e.g., PSS-PBCH-SSS-PBCH).
Proposal 2: Adopt PBCH RE mapping Alt. 2 (e.g., 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). 
Proposal 3: PBCH REs are mapped with frequency first. In addition, the PBCH REs mapping starts from REs overlapping with SSS bandwidth to enable the self-decodability of the center PBCH portions.
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