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Introduction
In RAN1 NR Ad-Hoc#2, the following agreements, working assumptions, and conclusions were made [1]: 
Agreements: 
· Working assumption: 3 bits of SS block index are carried by changing the DMRS sequence within each 5ms period
· It can be further considered to limit the number of bits carried in this way to 2 if carrying 3 bits is shown to cause problems
· FFS: details of  scrambling of the PBCH which may or may not carry a part of timing information
· FFS: 5 ms half radio frame interval indication
· Remaining bits of the timing information are carried explicitly in the NR-PBCH payload

Agreements:
· For the case of 2 PBCH symbols within the SS block: PSS-PBCH-SSS-PBCH
· PBCH RE mapping: Alt. 1, NR-PBCH coded bits of the NR-PBCH code block(s) are mapped across REs in N PBCH symbols, where N is the number of PBCH symbols in a NR-SS block

Working assumption:
· Sequence type: Gold sequence
· If cross correlation issues are found, other sequences can be considered
· Sequence initialization from cell ID, and 2 or 3 bits from time identification 
· Different sequences in the N NR-PBCH symbols
· FFS: Using longer sequence, different mapping, different initialization etc.

Conclusions:
· Companies are encouraged to provide the following information on NR PBCH DMRS sequence until 28th July  in order to finalize the design – Daewon (Intel)
· Sequence generation related parameters
· Gold Code LFSR size
· Gold Code Polynomials
· initial state configuration
· output shift offset (e.g. Nc in LTE)
· Sequence Modulation
· Sequence mapping to NR PBCH DMRS RE positions
· Exact NR PBCH DMRS RE positions within the NR PBCH resource
· Some examples of the information are shown in R1-1711943

Agreement:
· Equal DMRS density across NR-PBCH with 3 RE/PRB/Symbol

Agreement:
· DMRS have the same RE position in all NR-PBCH symbols





























This contribution discusses the remaining details of NR-PBCH design, DMRS design of NR-PBCH, and remaining timing index indication method. 
 
Remaining Details of NR-PBCH
In an accompanied contribution [2], we propose that the upper bound for NR-PBCH payload size (including CRC) should be limited as 64 bits, regarding the LS from RAN2. In our previous contributions [3] and [4], we already showed that two symbols of NR-PBCH are fully capable of reliably carrying up to 64 bits information bits, where each NR-PBCH symbol has 288 tones and 1/4 of them are mapped for DMRS. Thus, we don’t see the necessity of increasing the number of symbols of NR-PBCH for high-frequency ranges (e.g. above 6 GHz), and propose two symbols of NR-PBCH within an SS block for all carrier frequency ranges supported by NR. 
Proposal 1: NR shall support two symbols of NR-PBCH within an SS block for all carrier frequency ranges.
DMRS Sequence Design 
In RAN1 NR Ad-Hoc#2, the working assumption has been made that Gold-sequence is utilized to generate the DMRS sequence of NR-PBCH, where the details of sequence generator, initial condition, and hypotheses mapping method are still open. In a later RAN1 email discussion, company proposals for DMRS sequence design of NR-PBCH are summarized in [5]. 
In general, two types of sequence construction method are considered by companies: 
· Type 1: DMRS sequence is constructed from long Gold-sequence (e.g. like LTE-CRS with LFSR size 31, or even larger LFSR size)
· Type 2: DMRS sequence is constructed from short Gold-sequence (e.g. like NR-SSS with LFSR size 7, or LFSR size 8)
The CDF of the normalized cross-correlation among (1008*8)*(1007*8)/2 pairs of DMRS sequences from different companies are illustrated in FIGURE 1, where 3 bits SS block timing indices and 1008 cell IDs are assumed to be carried. Sequences are truncated according to the RE locations within the central 12 PRBs, since these PRBs correspond to the ones for coherent detection in the corresponding mapping proposals (proposals from Sony and ZTE are not included in this evaluation since they have different mapping schemes such that the sequence length for coherent detection can be longer), which contributes dominantly to the detection performance. As discussed in the last meeting, DMRS sequence design needs to be carefully treated such that the timing hypotheses can be reliably indicated by DMRS even for the worst cell pair scenario. In light of this principle, Type 2 sequences with BPSK modulation have better performance in term of the maximum cross-correlation. 
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[bookmark: _Ref490046268]FIGURE 1 CDF of normalized cross-correlation among DMRS sequences.
[bookmark: _Ref490046927]TABLE 1 Comparison of the sequence designs from different companies.
	 
 
	normalized cross-correlation
	worst cell pair

	
	mean (dB)
	max (dB)
	cell id 1
	block id 1
	cell id 2
	block id 2

	Type 1
	Huawei
	-18.39
	-6.70
	168
	6
	897
	2

	
	Qualcomm
	-18.54
	-6.64
	66
	4
	402
	1

	
	Intel1
	-18.54
	-6.28
	570
	6
	325
	4

	
	CATT
	-18.23
	-6.07
	542
	7
	6
	0

	
	Ericsson
	-18.50
	-4.95
	621
	3
	401
	3

	
	LG
	-18.53
	-4.87
	83
	3
	215
	0

	
	vivo revised
	-18.53
	-4.87
	83
	3
	215
	0

	Type 2
	Samsung1
	-18.22
	-8.85
	396
	0
	269
	0

	
	Samsung2
	-18.15
	-7.60
	720
	0
	484
	0

	
	MediaTek1
	-18.20
	-7.60
	384
	0
	235
	0

	
	DOCOMO2
	-18.19
	-6.52
	825
	5
	378
	3

	
	Intel2
	-18.37
	-3.20
	792
	1
	791
	0


A detailed comparison of the mean correlation, maximum correlation, and worst pair (random choose one if there are ties on the maximum correlation) is shown in TABLE 1. It can be observed that two types of sequences have similar mean correlation, but Type 2 sequences with BPSK modulation generally have better maximum correlation (i.e., worst cell pair correlation). Evaluation results of link level simulation to compare the sequence design between Qualcomm and Samsung1, as an example from each type, are illustrated in FIGURE 2 and FIGURE 3 for single-cell scenario and multi-cell scenario (worst cell pair), correspondingly, where the evaluation assumptions are specified in TABLE 2 in the Appendix.  
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[bookmark: _Ref490048678][bookmark: _Ref490048672]FIGURE 2 DMRS and NR-PBCH detection performance for single-cell scenario.
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[bookmark: _Ref490048679]FIGURE 3 DMRS and NR-PBCH detection performance for multi-cell scenario (worst cell pair).
It can be observed that the two proposals have very similar performance for single-cell scenario, but proposal Samsung1 has better DMRS detection accuracy (e.g. around 1 dB better) for the multi-cell scenario with worst cell pair, which is consistent with the observation that Type 2 sequence has better maximum cross-correlation. 
Meanwhile, in addition to the good maximum cross-correlation property, Type 2 sequences with BPSK modulation also have simpler detection complexity comparing from QPSK modulated sequences (e.g. much fewer addition and sign-flipping operations when calculating the correlations). Also, regarding the construction complexity, NR-SSS sequence generators can be reused for Type 2 DMRS sequence such that there is no extra burden comparing with Type 1 sequences, where generators for other sequences (e.g. DMRS for NR-PDSCH and/or NR-PDCCH) can be reused to simplify the construction complexity as well. 
Based on all above observations and discussions, we have the following proposal for DMRS sequence design:
Proposal 2: NR shall use BPSK modulated Gold-sequence with generators same as NR-SSS to construct DMRS of NR-PBCH.
DMRS Sequence to RE Mapping 
In RAN1 NR Ad-Hoc#2, it has been agreed that REs for DMRS are equally distributed within the symbols containing NR-PBCH with the density of 3 RE per PRB per symbol, and DMRS have the same RE position in all NR-PBCH symbols. However, the design of DMRS sequence to RE mapping is still open, and this issue is closely related to the DMRS detection method, and further related to the DMRS and NR-PBCH detection performance. Company proposals on this issue are also summarized in [5], and three typical examples are discussed and evaluated in this contribution (see FIGURE 4 for an illustration). Note that the mapping options can be treated as an independent design aspect and can be combined with any of the sequence designs. 
· Option 1: Single DMRS sequence (e.g. with length 144) carrying both cell ID and SS block index is mapped to the REs for DMRS within the two symbols for NR-PBCH. 
· Option 2: The first DMRS sequence (e.g. with length 108) carrying both cell ID and SS block index is mapped to the REs for DMRS within one symbol for NR-PBCH and the ones within the central 12 PRBs of the other symbol, and the second DMRS sequence (e.g. with length 36) carrying only cell ID is mapped to the REs for DMRS within the outer 12 PRBs of one symbol for NR-PBCH. 
· Option 3: DMRS sequence (e.g. with length 72) carrying both cell ID and SS block index is mapped to the REs for DMRS within the central 12 PRBs of the two symbols for NR-PBCH, and another copy of the sequence is mapped to the REs for DMRS within the outer 12 PRBs of the two symbols for NR-PBCH. 
For Option 2, both NR-SSS and the second DMRS can be utilized for channel estimation, and coherent detection can be performed on the first DMRS to detect SS block timing index, while for Option 1 and Option 3, NR-SSS can be utilized for channel estimation, the coherent detection can be performed for the DMRS within the central 12 PRBs, and non-coherent detection can be performed for the DMRS within the outer 12 PRBs. Link level simulation of the detection performance is shown in FIGURE 5. 


[bookmark: _Ref490053304]FIGURE 4 Illustration of different DMRS sequence to RE mapping options.
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[bookmark: _Ref490053324]FIGURE 5 Performance comparison of different RE mapping options for single-cell scenario.
It can be observed that mapping Option 1 and Option 3 have similar performance, and both outperform Option 2. This results from the gain of non-coherent detection for the DMRS in the outer 12 PRBs, although the effective sequence length for coherent detection in Option 2 can be larger than Option 1 and Option 3. Furthermore, by noting that Option 3 has slightly simpler construction and detection complexity comparing to Option 1, we propose using mapping Option 3 for DMRS of NR-PBCH. 
Proposal 3: NR shall use sequence to RE mapping Option 3 for DMRS of NR-PBCH.
DMRS RE Location Design
Another open issue for DMRS of NR-PBCH is the exact RE location within the symbols for NR-PBCH. Company proposals on this topic in [5] can be summarized as follows: 
· Alternative 1: fixed DMRS RE location across cells. 
· Alternative 2: variable DMRS RE location across cells, where DMRS RE location has cell-specific shift. 
Note that in Alternative 2, if neighboring cells have different cell-specific shifts for DMRS RE location, REs for DMRS sequence coincide with the ones for NR-PBCH of the neighboring cell, which reduces the detection accuracy of DMRS since the correlation between DMRS sequence and a QPSK modulated random sequence can be worse than the correlation between DMRS sequences. FIGURE 6 proves this point by showing that the maximum correlation is degraded by using cell-specific shift (e.g., for Huawei’s sequence proposal shown in the figure, the maximum correlation degraded from -6.70 dB to -5.84 dB). Thus, considering that one-shot detection of DMRS is the most important criteria for SS block index detection, Alternative 1 should be supported. 
[image: ]
[bookmark: _Ref491064847]FIGURE 6 Comparison of CDF for DMRS RE location alternatives.
Based on the above observations and discussions, we have the following proposal.  
Proposal 4: NR shall support fixed DMRS RE location across cells, e.g. mod(#RE_DMRS, 4) = 1.
Timing Index Indication Mechanism 
From the above discussion and evaluation results, it can be confirmed that DMRS sequence for NR-PBCH is capable of reliably carrying 3 bits SS block timing indices. Hence, we propose to confirm the working assumption in RAN1 NR Ad-Hoc#2 on the number of bits carried by DMRS sequence. 
Proposal 5: Confirm the working assumption that 3 bits of SS block index are carried by changing the DMRS sequence within each 5ms period. 
For the remaining timing indices, we have the following proposals (also refer to FIGURE 8 for an illustration): 
· 7-bit MSB of SFN: In NR, the TTI of NR-PBCH is 80 ms. To enable soft-combining of NR-PBCH within the TTI, we propose 7-bit MSB of SFN is carried in NR-PBCH payload.
· 3-bit LSB of SFN: Similar to LTE, the remaining 3-bit LSB of SFN is implicitly indicated by scrambling sequence of NR-PBCH.
· Half frame boundary and remaining bits of SS block index: The remaining timing indices are all explicitly indicated by NR-PBCH payload. 


[bookmark: _Ref490056851]FIGURE 8 Illustration of the timing index indication. 
Proposal 6: Except for 3-bit LSB of SS block index carried by the DMRS sequence, the remaining timing indices are indicated as follows.
· 7-bit MSB of SFN is explicitly carried in NR-PBCH payload.
· 3-bit LSB of SFN is implicitly indicated by scrambling sequence of NR-PBCH.
· 1-bit half frame boundary and 3-bit MSB of SS block index are explicitly carried in NR-PBCH payload.
Conclusions
This contribution presented the discussion and evaluation of NR-PBCH design, DMRS design of NR-PBCH, and timing index indication mechanism. Based on the discussion above, we have the following proposals:
Proposal 1: NR shall support two symbols of NR-PBCH within an SS block for all carrier frequency ranges.
Proposal 2: NR shall use BPSK modulated Gold-sequence with generators same as NR-SSS to construct DMRS of NR-PBCH.
Proposal 3: NR shall use sequence to RE mapping Option 3 for DMRS of NR-PBCH.
Proposal 4: NR shall support fixed DMRS RE location across cells, e.g. mod(#RE_DMRS, 4) = 1.
Proposal 5: Confirm the working assumption that 3 bits of SS block index are carried by changing the DMRS sequence within each 5ms period. 
Proposal 6: Except for 3-bit LSB of SS block index carried by the DMRS sequence, the remaining timing indices are indicated as follows.
· 7-bit MSB of SFN is explicitly carried in NR-PBCH payload.
· 3-bit LSB of SFN is implicitly indicated by scrambling sequence of NR-PBCH.
· 1-bit half frame boundary and 3-bit MSB of SS block index are explicitly carried in NR-PBCH payload.
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Appendix
[bookmark: _Ref490048934]TABLE 2 Evaluation assumptions for below 6GHz link level simulation.
	Parameters
	Value

	Bandwidth
	7.65MHz

	Subcarrier spacing
	30kHz

	Carrier frequency
	4GHz

	FFT size
	512

	Antenna configuration
	2x2

	SS burst set periodicity
	20 ms

	Velocity
	3km/h

	Channel model
	CDL-C 

	Delay spread scaling
	100ns

	Channel estimation
	2D MMSE

	Channel coding
	LTE TBCC

	CFO
	TRP: +/- 0.05 ppm, UE: +/- 0.1ppm

	Interference model
	As in [6]
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