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1 Introduction
In RAN1#88bis meeting, the following agreements are related to NR-PBCH design.
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
· Note that all proponents need to provide their own proposal until 26th May
· 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
· All proponents need to provide followings until 2nd June to achieve further evaluation/analysis – Asbjorn (Ericsson)
· NR-PBCH RE mapping
· SS-block composition
· SS-block time index indication
· SFN indication
· DMRS RE mapping
· PBCH payload size
· PBCH channel coding scheme (all proponents need to follow the latest agreements/WAs in channel coding session) 
· Note that all decisions of channel coding scheme should be done in channel coding session/agenda
· Receiver algorithms
In RAN1#89, channel coding session made agreement below:
Agreement:
-        Polar coding is adopted for NR-PBCH
o   Using same polar code construction as for the control channel
o   Nmax = 512
-        Working assumption that the data, including time index if carried by NR-PBCH excluding DMRS, is transmitted explicitly                
o   Can be revisited if significant benefit is shown from partial implicit transmission of time index if allowed by the polar code design

In this contribution, we propose the NR-PBCH design from the following perspectives [1]:
· NR-SS block composition
· NR-PBCH RE mapping
· DMRS RE mapping 
1 
2 
2 NR SS block composition 
3 
In RAN1#88bis, TDMed NR-PSS/SSS/PBCH was agreed. Number of OFDM symbols in an SS block should consider the decoding/detection performance of NR-PSS/SSS/PBCH. As agreed in RAN1, there is 1 symbol of NR-PSS, 1 symbol of NR-SSS per SS block. The number of OFDM symbols for NR-PBCH can be 2, 3 or 4. However, assuming 288REs per PBCH symbol, 2 PBCH symbols per SS block are already good enough for the decoding of NR-PBCH. Therefore, we propose that 2 symbols for NR-PBCH per SS block. 

Proposal 1: Each NR-SS block has 2 NR-PBCH symbols. 

· Down selection from above options should be done together with NR-PBCH design decision
· 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
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FIGURE 1 NR-SS block composition

In terms of cell ID detection performance, Opt1 and Opt3 are similar since both of them have adjacent PSS and SSS. While, PSS and SSS are 1 symbol separated in Opt2 and 2 symbols separated in Opt4. Note that the current 3PSS design allows orthogonal PSS transmission if the two neighbor cells are allocated different PSS sequences from that of a cell-edge UE’s serving cell. The PSS will likely provide time, frequency and phase reference sufficient for SSS coherent detection. Besides that, the BPSK-modulated SSS with phase rotation lose the power on the real part so that it reduces the equivalent SNR for SSS detection. Opt1 similar as Opt3 with adjacent PSS/SSS could be more robust against Doppler shift as well as timing error than Opt2. Opt4 with two PBCH symbols between PSS and SSS would perform the worst. We select Opt1 and Opt2 to compare the cell ID detection in FIGURE 2, where we assume PSS/SSS with 127 consecutive subcarriers and v=500km/h. The SSS is detection based on the PSS phase reference in a 2-cell scenario with interfering cell and serving cell have similar rx power but different PSS sequences. In this case, Opt1 is more than 1dB better than Opt2 to reach same cell ID detection.
[image: cid:image001.png@01D2E94E.EB603F40]
FIGURE 2 Cell ID detection performance of Opt1 vs. Opt2

In terms of PBCH detection performance, Opt1 and Opt4 both have adjacent PBCH symbols under similar channel variation under mobility case. The self-contained DMRS distributed in 24RBs together with the SSS over 12RBs are used for channel estimation. Opt2 has two PBCH symbols separated by one SSS symbol. Although the SSS can be used to improve the channel estimation in both PBCH symbols, the benefits would be slightly compromised by the channel variation across three symbols. Among the options, Opt3 performs worst in case of the high Doppler because the two PBCH symbols are two symbols separated. The gain by using SSS is limited since SSS is far away from one PBCH symbol. We choose Opt1 and Opt2 for further simulation comparison. FIGURE 3 shows the single-cell 4-shot PBCH BLER performance at 4GHHz for Opt1 and Opt2 assuming v=3km/h and 500km/h respectively. The same 1/4 DMRS overhead is assumed for fair comparison. The PBCH is demodulated by using SSS and DMRS based on 2D-MMSE channel estimation. We can see that Opt1 and Opt2 performs very similarly. Their SNR difference is marginal, i.e., Opt1 is 0.2 better for low mobility case and Opt2 is 0.3 better for high mobility case.
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(a) v=3km/h					(b) v=500km/h  
FIGURE 3 PBCH BLER performance of Opt1 vs. Opt2

Table 1. Comparison of Opt1~4 for NR-SS block composition
	Comparison
	Opt1
	Opt2
	Opt3
	Opt4

	PSS/SSS detection
	Best 
	Medium
	Best 
	Worst 

	PBCH detection
	Medium 
(similar to Opt1)
	Best 

	Worst
	Medium 
(similar to Opt1)



Observation1:
· Opt3 and Opt4 are not preferred due to worst PBCH detection and PSS/SSS detection, respectively.
· Opt1 and Opt2 provide similar PBCH detection based on SSS and DMRS in low and high mobility. 
· Compared with Opt2, Opt1 is beneficial to improve SSS detection using PSS phase reference.
Proposal 2: For SS block composition, the mapping order of SS blocks is PSS-SSS-PBCH-PBCH (Opt1).

3 PBCH RE mapping
To down select one of the following alternative, we compare the performance of PBCH by using polar coding with N=512, which was agreed as the PBCH coding matrix size. 
Alt. 1: NR-PBCH coded bits are mapped across REs in 2 PBCH symbols within 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 another NR-PBCH symbol in a NR-SS block
In NR, let’s assume we have PBCH payload of 64bits. In case of Alt1, we could have 512bits after polar coding and repeat partial 256bits as rate matching into 768bits (1/12 coding rate). With QPSK modulation, 384 symbols are mapped into the 384 REs in the 2 NR-PBCH symbols excluding the DMRS REs with 1/3 overhead, i.e., frequency domain first. In case of Alt2, we could have 512bits after polar coding and puncture partial 256bits as rate matching into 384bits (1/6 coding rate). With QPSK modulation, 192 symbols are mapped into the 192 REs in one NR-PBCH symbol excluding the DMRS REs with 1/3 overhead. The NR-PBCH symbol is copied to another NR-PBCH symbol in a NR-SS block. FIGURE 4 shows the BLER of PBCH with Atl1 and Alt2 under AWGN channel, which shows that the RE mapping of two identical PBCH symbols will sacrifice some coding gain due to smaller coded block. Although the gap in FIGURE 4 is 0.2dB difference, the gap will become larger if the PBCH payload becomes larger and/or the DMRS overhead increases. 

[image: ]
FIGURE 4 Coding gain of NR-PBCH under AWGN

On the other hand, the repeated PBCH symbols cannot be used to get accurate CFO estimation in a multi-cell/TRP system. For example, denoting as the received signal on the -th subcarrier at the time , e.g.,
,
which includes the signal  from serving cell with freq offset ,  from neighbor cell with freq offset , and noise part . The CFO estimation, based on the phase comparison of the repeated symbols, i.e.,   with  and ,  can be approximated as
,
where  is the time duration between two PBCH symbols. 
[image: ]
FIGURE 5 CDF of Residual CFO
In FIGURE 5, we evaluate and compare the residual CFO estimation based on the agreed simulation assumption for multi-cell scenario [2][3], where the initial CFO is [-5ppm, +5ppm] and the initial synchronization is based on NR-PSS/SSS with 127-lengh. It can be observed that the CFO refinement based on the repeated PBCH symbols is worse than that based on PSS/SSS only. Although the cell-specific scrambling sequence will be applied on the PBCH, it is still impossible to estimate the CFO relative to different TRP in the multi-TRP with same cell ID. Therefore, we think the PBCH RE mapping should be in the similar way as LTE. The DMRS REs in two PBCH symbols could also be in a similar way as LTE CRS for better channel interpolation, which can also be used for CFO refinement.
Observation2:
· PBCH coding gain based on Alt1 is slightly better than that of Alt2.
· [bookmark: _GoBack]Phase comparison based on repeated PBCH symbols of Alt2 cannot differentiate multi-cell/TRP CFOs.
· Dense DMRS REs in PBCH symbols can be used to improve the CFO refinement. 
Proposal 3: NR-PBCH coded bits are mapped across REs in 2 PBCH symbols within a NR-SS block (Alt1).
4 DMRS RE mapping
The DMRS overhead will be the key factor to tradeoff between the channel estimation and PBCH coding performance. In order to improve the channel estimation at very low SNR, the UE could assume the NR-SSS together with the DMRS for the NR-PBCH demodulation. Without wasting the resources for DMRS, we propose to use multiple DMRS sequences to indicate the SS block timing index within a NR-SS burst set. The NR-DMRS sequence(s) could be based on the binary Gold-sequence for sake of detection simplicity as well as the low-cross correlation among different SS blocks in the same cells and/or different cells. The details of NR-DMRS sequence design is discussed in our tdoc [4]. 
At the UE receiver side, the NR-DMRS sequence is firstly detected by using coherent within the NR-SSS band and/or non-coherent detection. The DMRS detection has much lower BLER than that of PBCH, so that it has no impact on PBCH demodulation. The channel estimation is achieved based on the detected DMRS together with NR-SSS so that the NR-PBCH decoding is more robust against the noise and interference due to Doppler and CFO. More analysis and comparison is given in our companion contribution [5].
Regarding the DMRS RE mapping, we compare the even and uneven RE mapping schemes 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)

Opt2 is proposed to reduce the DMRS overhead within the SSS band. However, we consider DMRS REs may have multiple functions. The UE can compare the phase of DMRS in two different PBCH to achieve the CFO estimation. The larger number of DMRS REs result in better CFO estimation. In case of high mobility, the DMRS in PBCH, compared with SSS, help the channel interpolation be more robust against the Doppler shift. Also the DMRS in PBCH could be used to improve the RRM measurement on top of NR-SSS. Another possibility is to use DMRS carrying multiple hypotheses for SS block timing index indication. Larger number of DMRS REs could support longer DMRS sequence with better cross correlation. 
Although the less number of DMRS REs result in more remaining REs for PBCH payload, the coding gain for PBCH payload by using Opt1 vs. Opt2 is similar. For example, we assume 1/3 overhead in PBCH 24RBs (Opt1), there are 384RE for PBCH payload and the coding rate of one-shot PBCH with 64-bit payload is 1/12. If we reduce the DMRS overhead as 1/6 in center 12RBs for SSS (Opt2), there are 408REs for payload and the corresponding one-shot PBCH coding rate is 1/12.75. The improvement by using Opt2 is marginal and PBCH still has to rely on the soft-combining of multiple shots within PBCH TTI to reach the coverage requirement. On the contrary, the DMRS-based channel estimation in every shot becomes complicated, i.e., separate processing of channel interpolation processing for different DMRS overhead.
Observation3:
· DMRS REs are not waste of resources, which can be used to improve the CFO estimation, channel interpolation against Doppler shift, RRM measurement and detection of SS block index indication as well.
· To reduce DMRS overhead in SSS band cannot improve the one-shot PBCH detection and PBCH still has to rely on multi-shot soft-combing to reach the coverage requirement.
· DMRS with uneven RE mapping requires complicated channel estimation at the UE side.

Assuming DMRS with even mapping, we firstly compares the DMRS only and DMRS+SSS for PBCH demodulation, where 1/4 DMRS overhead is used for fair comparison. The SSS and PBCH use same 1-port precoder cycling as the transmission scheme. As shown in FIGURE 6(a), DMRS together with SSS performs better than that of DMRS only. However, one-shot PBCH detection still cannot satisfy the PBCH detection requirement. 
FIGURE 6(b) shows the 4-shot PBCH BLER based on DMRS+SSS demodulation and also compares the impact of DMRS overhead on the PBCH performance. DMRS together with SSS already get improved channel estimation. As shown in FIGURE 6(b), the different DMRS overhead with 1/3, 1/4 and 1/6 does not has significant impact on PBCH BLER. 
[image: ] [image: ]
(a) One-shot 	                                        (b) 4-shot 
FIGURE 6: BLER performance of NR-PBCH with various DMRS overhead

Observation4:
· DMRS with even RE mapping together with SSS get improved channel estimation and overhead of 1/3, 1/4 and 1/6 does not has significant impact on PBCH detection.
· DMRS with 1/3 overhead and even RE mapping can be considered to improve the DMRS sequence detection.

Proposal 4: For NR-PBCH, DMRS even mapping is supported (Opt1).

5 Conclusions
This contribution has investigated the remaining design issues related to SS block composition, PBCH RE mapping and DMRS RE mapping, and made the following proposals.
Proposal 1: Each NR-SS block has 2 NR-PBCH symbols. 

Observation1:
· Opt3 and Opt4 are not preferred due to worst PBCH detection and PSS/SSS detection, respectively.
· Opt1 and Opt2 provide similar PBCH detection based on SSS and DMRS in low and high mobility. 
· Compared with Opt2, Opt1 is beneficial to improve SSS detection using PSS phase reference.
Proposal 2: For SS block composition, the mapping order of SS blocks is PSS-SSS-PBCH-PBCH (Opt1).

Observation2:
· PBCH coding gain based on Alt1 is slightly better than that of Alt2.
· Phase comparison based on repeated PBCH symbols of Alt2 cannot differentiate multi-cell/TRP CFOs.
· Dense DMRS REs in PBCH symbols can be used to improve the CFO refinement. 
Proposal 3: NR-PBCH coded bits are mapped across REs in 2 PBCH symbols within a NR-SS block (Alt1).

Observation3:
· DMRS REs are not waste of resources, which can be used to improve the CFO estimation, channel interpolation against Doppler shift, RRM measurement and detection of SS block index indication as well.
· To reduce DMRS overhead in SSS band cannot improve the one-shot PBCH detection and PBCH still has to rely on multi-shot soft-combing to reach the coverage requirement.
· DMRS with uneven RE mapping requires complicated channel estimation at the UE side.
Observation4:
· DMRS with even RE mapping together with SSS get improved channel estimation and overhead of 1/3, 1/4 and 1/6 does not has significant impact on PBCH detection.
· DMRS with 1/3 overhead and even RE mapping can be considered to improve the DMRS sequence detection.
Proposal 4: For NR-PBCH, DMRS even mapping is supported (Opt1).
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Appendix A: Link-level Simulation Assumption for NR-PBCH 
Table A1: Evaluation assumptions 
	Parameters
	Below 6GHz

	Bandwidth
	7.65MHz

	Subcarrier spacing
	30kHz

	Carrier frequency
	4GHz

	FFT size
	512

	Delay spread
	100ns, 1000ns

	Modulation
	QPSK

	Antenna configuration
	2x2

	Period
	1-shot, 4-shot within 80ms

	Tx scheme
	1-port precoder cycling

	Velocity
	3km/h, 500km/h

	Channel estimation
	2D MMSE

	Channel coding
	1/3 TBCC or Polar N=512

	CFO
	For PSS/SSS detection: +/-5ppm 
For PBCH detection: TRP: +/- 0.05 ppm, UE: +/- 0.1ppm
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