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Introduction
At the RAN1 AH#2 meeting, NR-PBCH design, PBCH-DMRS design and SS/PBCH block (SS block) index indication were discussed and RAN1 made following agreements [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.

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

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



In addition, in email discussion [NRAH2-05] after the RAN1 AH#2 meeting, companies provided their views on NR-PBCH DMRS design [2].
In this contribution, we discuss on PBCH-DMRS design, SS block index indication mechanism and NR-PBCH design. We also show evaluation results on PBCH-DMRS design and NR-PBCH design.

PBCH-DMRS design and SS block index indication
PBCH-DMRS sequence design  
In RAN1 AH#2 meeting, RAN1 has reached the working assumption that PBCH-DMRS is based on Gold sequence. However, we need further discussion about the details of DMRS sequence design. According to the e-mail discussion [NRAH2-05], we think that there are two major options on PBCH-DMRS sequence design as follows.

(1) LTE CRS like sequence
· QPSK-modulated long Gold-sequence, LFSR size = 31
· Variable RE position depending on NR cell ID
(2) NR-SSS like sequence
· BPSK-modulated short Gold-sequence, LFSR size = 7 or 8
· Fixed RE position irrespective of NR cell ID

In NR, PBCH-DMRS will be used not only for channel estimation but also for SS block index indication. In that sense, cross-correlation property of PBCH-DMRS sequence is very important metric to design the sequence. In addition, to avoid particular case that specific NR cell ID pair with bad cross-correlation property cause significant performance degradation on PBCH decoding, we should carefully study the worst case such as the maximum cross-correlation value of PBCH-DMRS sequence between all the possible combinations of NR cell IDs and SS block indices (i.e. 1008*8 IDs). Here, we pick up the candidate designs from e-mail discussion [NRAH2-05] as follows (Option 1-3), and evaluate cross-correlation performance for each candidate design as shown in Figure 1. 

(Option 1)	LTE CRS like sequence with 31-bit LFSR based on Qualcomm’s proposal
(Option 2)	NR-SSS like sequence with 7-bit LFSR based on MediaTek’s proposal 
(Option 3)	NR-SSS like sequence with 8-bit LFSR based on DOCOMO’s proposal

From Figure 1, we can observe that NR-SSS like sequence, i.e. BPSK-modulated short Gold-sequence, shows smaller maximum cross-correlation value than LTE-CRS like sequence. So we simply make following proposal.

Proposal 1: PBCH-DMRS should be based on short Gold-sequence modulated by BPSK
[image: ]
Figure 1: Normalized cross-correlation performance for different PBCH-DMRS sequence design

As described in section 3, we think 3-symbol PBCH is needed to achieve enough PBCH detection performance for above 6 GHz frequency range. So we should also consider the PBCH-DMRS sequence extension, i.e. sequence extension to length-216 DMRS sequence. If we assume that 2-symbol and 3-symbol PBCH are applied for below and above 6 GHz frequency band, respectively, UE needs to support different length of PBCH-DMRS sequence. In that sense, different sequence design between 2-symbol PBCH and 3-symbol PBCH should be avoided. Therefore, we think that simple extension mechanism is beneficial. As discussed previously, we think that BPSK-modulated Gold-sequence has good cross-correlation performance for PBCH-DMRS sequence. In addition, PBCH-DMRS sequence which is based on Gold-sequence with 8 or larger LFSR size can be easily extended to length-216 sequence. From discussion above, we provide following proposal. 

Proposal 2: PBCH-DMRS sequence based on Gold-sequence with 8 bit LFSR should be applied for both 2-symbol and 3-symbol PBCH cases

PBCH-DMRS sequence to RE mapping  
[bookmark: _GoBack]From email discussion [NRAH2-05], variable RE position depending on NR cell ID is assumed in most of proposed PBCH-DMRS designs based on LTE-CRS sequence. In LTE-CRS, variable RE position is beneficial to suppress the inter-cell interference because of different power boosting between CRS REs and other control/data REs. So, CRS RE collides with control/data RE of neighbor cells only when control/data are transmitted. However, in NR, such power boosting is difficult to apply PBCH-DMRS because of single Tx port transmission, and PBCH-DMRS RE with cell-specific RE shift will always collide with NR-PBCH RE of neighboring cells in synchronous case since both PBCH-DMRS and NR-PBCH are always-on. Therefore, we need to investigate the possible gain from RE shifting in PBCH-DMRS. Here we evaluate the PBCH BLER and SSBI misdetection rate with/without DMRS RE shifting as shown in Table I. From the evaluation result so far, we cannot find any positive impact from DMRS RE shifting. We have no strong preference about this issue, but, if any company does not show the clear performance gain, we do not need to assume DMRS RE shifting. In addition, anyway fixed RE position for PBCH-DMRS has been proposed by companies supporting NR-SSS like sequence design for PBCH-DMRS. Fixed RE position for PBCH-DMRS is beneficial in terms of low cross-correlation between PBCH-DMRS sequences for different cells and potential use of PBCH-DMRS interference cancellation.

Table I: One-shot PBCH BLER and SS block index misdetection rate (SNR = -6 dB, 1 interfering cell with SIR = 0 dB)
	Sequence design
	RE mapping
	Random cell ID mapping

	
	
	PBCH BLER
	SSBI misdetection rate

	Option 1 
(LTE CRS like sequence)
	frequency subcarrier offset of 1
	0.50
	0.13

	
	NIDcell mod 4
	0.50
	0.12



Proposal 3: RE position of PBCH-DMRS sequence should be fixed irrespective of NR cell ID 

Based on the discussion in subsection 2.1 and 2.2, our proposed PBCH-DMRS design is described as follows.

Sequence generation
The sequence  to generate NR PBCH DMRS sequence is defined as follows.
      
 for the case of 2-symbol PBCH
  for the case of 3-symbol PBCH

Two M-sequences  and   are generated by 
g0(x) = x8 + x7 + x6 + x5 + x2 + x1+ 1  and  g1(x) = x8 + x7 + x6 + x1 + 1
and the initial state is defined by x(0, 1, 2, 3, 4, 5, 6, 7) = {1, 0, 0, 0, 0, 0, 0, 0}

NR PBCH DMRS sequence  is BPSK modulated and defined by 

where the sequence  is defined in Section 2.
Cyclic shift values  and   are jointly determined by the NR cell ID (i.e. ) and SS block index (i.e. ). The cyclic shift values  and   is defined by



Mapping to resource elements
PBCH-DMRS RE mapping is defined as follows. 

For 1st PBCH symbol,   
For 2nd PBCH symbol,  
For 3rd PBCH symbol (if exist),  
,   

SS block index indication 
As described in Section 1, RAN1 made the working assumption that part of SS block index (SSBI) is indicated by using PBCH-DMRS. So we need to confirm the feasibility of such implicit indication and the impact on PBCH BLER performance. Here we evaluate both the PBCH BLER and SS block index misdetection rate. In the evaluation, we assume that PBCH-DMRS sequence is based on our proposal as described in previous subsection, and number of NR-PBCH symbols is two. From Table II, we can observe that SSBI misdetection rate is sufficiently low compared with PBCH BLER, i.e., SSBI misdetection rate for explicit indication in NR-PBCH. In addition, even in the case with 3-bit SSBI indication, there is almost no performance degradation in PBCH BLER from SSBI indication by PBCH DMRS sequence. Therefore, we made following proposal.
Table II: One-shot PBCH BLER and SSBI misdetection rate (SNR = -6 dB, 1 interfering cell with SIR = 0 dB)
	Sequence design
	number of bits
for SSBI indication
	PBCH BLER
	SSBI misdetection rate

	Option 3
(NR-SSS like sequence)
	0
	0.47
	N/A

	
	1
	0.49
	0.06

	
	2
	0.50
	0.09

	
	3
	0.50
	0.12



Proposal 4: RAN1 should confirm the working assumption that 3 bits of SS block index are carried by changing the PBCH-DMRS sequence within each 5ms period 

For above-6 GHz frequency range, implicit indication of up to 3 bits based on PBCH-DMRS sequence is not sufficient to indicate SSBI for up to 64 SS blocks and remaining bits of SSBI are carried explicitly in the NR-PBCH payload. In this case, PBCH BLER performance should be improved so that measurement delay issue concerned by RAN2 can be relaxed. We are proposing 3-symbol PBCH for above-6 GHz case to solve this issue, and detailed proposal and evaluation results are shown in section 3.1.

SS block time indexing
In the case of below 6 GHz frequency range, SS block time index requires 2 or 3 bits of information. As discussed in previous subsection, up to 3 bits of SSBI can be indicated by PBCH-DMRS without significant performance degradation. For below 6 GHz frequency range, since anyway all bits are carried by using PBCH-DMRS sequence, we have no strong preference for the specific order of indexing. Therefore, we simply propose the SS block time indexing for below 6 GHz frequency range as shown in Figure 2.
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(a) 15 kHz SS subcarrier spacing
[image: ]
(b) 30 kHz SS subcarrier spacing
Figure 2: Example of SS block time indexing for below 6 GHz frequency range

On the other hand, in the case of above 6 GHz frequency range, NR-PBCH should also carry part of bits for SSBI indication. PBCH-DMRS carries 3 bits of SSBI and remaining 3 bits of SSBI are carried by PBCH payload. In the case, we need to consider how to partition 6-bit SSBI for explicit and implicit parts. We can consider an example of SS block time indexing as shown in Figure 3. In this example, SS block time index is represented by combination of SS block index numbered per SS burst and SS burst index numbered per SS burst set. UE identifies SS block index within SS burst and SS burst index within SS burst set from PBCH-DMRS and NR-PBCH payload respectively so that UE can identify exact time domain information including OFDM symbol/slot/frame index. If we assume the explicit indication for SS burst index and implicit indication for SS block index within SS burst, NR-PBCH within same SS burst may be able to carry exact the same contents. In such case, we can expect other benefits, e.g. soft combining of NR-PBCH within SS burst to improve detection performance and phase tracking for additional frequency offset compensation. From discussion above, we propose the SS block time indexing for above 6 GHz frequency range as shown in Figure 3.
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(a) 120 kHz SS subcarrier spacing
[image: ]
(b) 240 kHz SS subcarrier spacing
Figure 3: Example of SS block time indexing for above 6 GHz frequency range

Proposal 5: SS block time index should be divided into two parts, i.e. SS block index within a SS burst and SS burst index within SS burst set, and is indicated by following scheme. 
· In below 6 GHz frequency range, number of SS bursts within SS burst set is 1, and 2 or 3 bits of SS block index are carried by PBCH-DMRS.
· In above 6 GHz frequency range, number of SS bursts within SS burst set is up to 8. 3 bits of SS block index within SS burst consisting of consecutive eight SS blocks are carried by PBCH-DMRS, and remaining 3 bits of SS burst index within SS burst set are carried by PBCH payload.

NR-PBCH design
Number of NR-PBCH symbols within a SS/PBCH block
As discussed in our companion contribution regarding NR-PBCH contents [3], we consider that NR-PBCH payload size would be 48, 56 or 64 bits including CRC. In such case, NR-PBCH with two symbols in a SS block may be able to provide reliable detection such as <1% BLER performance at -6 dB SINR condition by using multiple (e.g., three) shots combining. Especially in case that a part of SS block time index is indicated explicitly in NR-PBCH, NR-PBCH with two symbols in a SS block may cause a delay for SS block index reading during RRM measurement and handover as RAN2 concerned [4]. Therefore, we propose to consider possibility of NR-PBCH with three symbols in a SS block for above-6 GHz frequency range.
We perform the performance evaluation on number of NR-PBCH symbols within a SS block with different payload size assumption. The evaluation results are shown in ANNEX. In case with three symbols for NR-PBCH, SS block composition is PSS-PBCH-SSS-PBCH-PBCH. According to the results, NR-PBCH with three symbols can improve the BLER performance and SSB index detection performance significantly. Therefore, RAN1 should consider possibility of applying NR-PBCH design with three symbols in a SS block for above-6 frequency range where a part of SS block index is explicitly indicated in NR-PBCH payload. SS block composition and SS burst set composition for five symbol SS block (3-symbol PBCH) are discussed and proposed in our companion contribution [5]. 
Observation: NR-PBCH with three symbols can improve the BLER performance and SSB index detection performance significantly.
Proposal 6: RAN1 should consider possibility of applying NR-PBCH design with three symbols in a SS block for above-6 frequency range.

NR-PBCH scrambling design
As discussed in our companion contribution regarding NR-PBCH contents [3], we consider that 3 LSBs of SFN information can be implicitly carried by NR-PBCH scrambling sequence. For such mechanism, the NR-PBCH scrambling sequence is initialized by the combination of Cell ID and 3 LSBs of SFN information.  That is considered in our performance evaluations shown in ANNEX. Based on evaluation results, we could observe that such scrambling mechanism would not cause any significant performance degradation.

Proposal 7: The NR-PBCH scrambling sequence is initialized by the combination of Cell ID and 3 LSBs of SFN information.

Conclusion
In this contribution, we discussed on PBCH-DMRS design, SS block index indication mechanism and NR-PBCH design based on evaluation results. We made following proposals.
Proposal 1: PBCH-DMRS should be based on short Gold-sequence modulated by BPSK
Proposal 2: PBCH-DMRS sequence based on Gold-sequence with 8 bit LFSR should be applied for both 2-symbol and 3-symbol PBCH cases
Proposal 3: RE position of PBCH-DMRS sequence should be fixed irrespective of NR cell ID 
Proposal 4: RAN1 should confirm the working assumption that 3 bits of SS block index are carried by changing the PBCH-DMRS sequence within each 5ms period 
Proposal 5: SS block time index should be divided into two parts, i.e. SS block index within a SS burst and SS burst index within SS burst set, and is indicated by following scheme. 
· In below 6 GHz frequency range, number of SS bursts within SS burst set is 1, and 2 or 3 bits of SS block index are carried by PBCH-DMRS.
· In above 6 GHz frequency range, number of SS bursts within SS burst set is up to 8. 3 bits of SS block index within SS burst consisting of consecutive eight SS blocks are carried by PBCH-DMRS, and remaining 3 bits of SS burst index within SS burst set are carried by PBCH payload.
Proposal 6: RAN1 should consider possibility of applying NR-PBCH design with three symbols in a SS block for above-6 frequency range.
Proposal 7: The NR-PBCH scrambling sequence is initialized by the combination of Cell ID and 3 LSBs of SFN information.
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Annex: Link-level simulation on NR-PBCH and PBCH-DMRS design 
Table A1 shows simulation assumptions for NR-PBCH evaluation, and Figure A1 – A4 show BLER performance results for NR-PBCH and Table A2 shows SSB index detection performance.
Figure A1 (a), (b) and (c) show BLER performances with different payload sizes and different number of symbols for NR-PBCH within a SS block when the interference TRP is not considered. NR-PBCH with 2 symbols can achieve below 1 % BLER at -6 dB SNR condition by using 3 shots combining. On the other hand, NR-PBCH with 3 symbols can achieve below 1 % BLER at -6 dB SNR condition by using 2 shots combining.
Figure A2 (a), (b) and (c) show BLER performances with different payload sizes and different number of symbols for NR-PBCH within a SS block when 2 interference TRPs are considered with SIR = 0 and -3 dB. NR-PBCH with 3 symbols can improve BLER performance in 1.5 – 2.0 dB compared with NR-PBCH with 2 symbols. 
Figure A3 (a), (b) and (c) show BLER performances with different payload sizes and different number of symbols for NR-PBCH within a SS block when 2 interference TRPs are considered with SIR = 3 and 0 dB (severer interference compared with cases in Figure A2). NR-PBCH with 3 symbols can also improve BLER performance in 1.5 – 2.0 dB compared with NR-PBCH with 2 symbols. 
Table A2 shows BLER and SSB index detection performance with different number of symbols for NR-PBCH within a SS block when the interference TRPs are not considered. NR-PBCH with 3 symbols can also improve SSB index detection performance in addition to PBCH BLER thanks to longer PBCH-DMRS sequence mapped to 3 symbols. 
Figure A4 shows BLER performances with SFN initialized scrambling and no scrambling when the interference TRP is not considered. Scrambling impact to BLER performance is negligible small.

Table A1: Simulation assumptions for NR-PBCH evaluation
	Parameter 
	Value

	Carrier frequency
	4 GHz

	Transmission method
	1-port based transmission

	DMRS REs per PRB per symbol  (equal interval)
	3

	Time domain allocation
	2, 3 OFDM symbol

	Frequency domain allocation
	24 PRBs

	Sub-carrier spacing
	30 kHz

	Channel model
	CDL-C 100 ns scaling

	UE speed
	3 km/h

	Channel coding
	Polar code

	Payload size
	48, 56, 64 bits 

	Referrence signal transmission
	SSS + Self-contained DMRS

	Channel estimation
	2D-MMSE

	Receiver algorithm
	2 RX MRC

	Repetition
	1, 2, 3, 4 times

	SS block composition for 2 symbols 
	PSS-PBCH-SSS-PBCH (Option 2)

	SS block composition for 3 symbols 
	PBCH-PSS-PBCH-SSS-PBCH

	CFO
	Gaussian distribution with  σ= 0.24 ppm
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Figure A1: BLER performance of NR-PBCH with different number of PBCH symbols within a SS block (No interference TRP)
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Figure A2: BLER performance of NR-PBCH with different number of PBCH symbols within a SS block (Number of interference TRPs = 2, SIR = 0 and -3 dB )
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Figure A3: BLER performance of NR-PBCH with different number of PBCH symbols within a SS block (Number of interference TRPs = 2, SIR = 3 and 0 dB )

Table A2: One-shot SSBI misdetection rate for different number of symbols
(Sequence design = Option 3, Random cell ID mapping, SNR = - 6 dB)
	Num of symbols
	PBCH BLER
	SSB index
misdetection rate

	2
	0.3745
	0.0920

	3
	0.1905
	0.0645



[image: ]
Figure A4: BLER performance of NR-PBCH with SFN initialized scrambling and no scrambling
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