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1. [bookmark: OLE_LINK57][bookmark: OLE_LINK58]Introduction
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]In RAN1 #NR #AH2 meeting, the following agreements on NR-PBCH DMRS have been made [1]. 
	[bookmark: OLE_LINK9]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
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



[bookmark: OLE_LINK71][bookmark: OLE_LINK72]In this contribution, we further consider the NR-PBCH DMRS design and timing indication.
2. PBCH DMRS design
2.1 DMRS sequence generation
NR PBCH DMRS sequence generation should use the similar method as for LTE CRS sequence generation in order to save standardization effort, and also decrease implementation complexity and cost if other reference signals of NR also reuse LTE pseudo-random sequence generator. In LTE, the CRS sequence is generated from pseudo-random sequence , which is defined by a length-31 Gold sequence. The pseudo-random sequence generator shall be initialized with an initialization sequence with fixed length of 31. The initialization of the second m-sequence is determined by initial value,, and computed as . In order to carry timing information and randomize interference between neighbor cells,  may be determined by Cell ID and time index carried.
Proposal 1: LTE pseudo-random sequence generator can be considered for NR PBCH DMRS.
In our last contribution [2], we have shown that non-coherent detection algorithm cannot meet the detection performance requirement for DMRS. Therefore, it is necessary to consider coherent detection algorithm for detection of timing based PBCH DMRS sequences. As shown in Figure 1, there are two typical schemes: 


Figure 1: Structure example of scheme A and scheme B
· Scheme A: striving for complete coherent detection, part of DMRS sequence can be used for timing indication. Figure 1(A) gives a trade-off between sequence length and coherent detection. The part not used for timing indication and SSS are used to ensure coherent detection for the DMRS part that contains the timing information.
· Scheme B: combination of coherent and non-coherent detection, the whole DMRS sequence can be used for timing indication [3]. If coherent detection is used for the whole PBCH DMRS sequences detection, the UE must try using all possible PBCH DMRS sequences for channel estimation. This will result in an unacceptable UE complexity. Therefore, non-coherent detection needs to be used for DMRS sequences outside the bandwidth of SS.
We have compared the PBCH DMRS sequence detection performance for the above two schemes with evaluation assumptions as shown in Table A-1 in the Appendix. The result is presented in Figure 2. It shows that a better performance can be obtained by scheme A, and about 1.25dB gain is displayed at the misdetection rate of 1% with 3 bits timing information carried by PBCH DMRS. 

[image: ]
Figure 2: Detection performance of scheme A and scheme B
So the details design of PBCH DMRS sequence and further performance evaluation will be given under the scheme A.
Sequence generation
[bookmark: OLE_LINK49]The DMRS sequence is divided into a Type 1 sequence and a Type 2 sequence:
· Type 1 sequence: depends on Cell ID.
· Type 2 sequence: depends on Cell ID and time index.
Type 1 and Type 2 sequences are mapped to different REs, according to Figure 3. Since Type 1 does not depend on the time index, it can facilitate channel estimation for coherent detection of the Type 2 sequence (which carries the time index), also on the RBs outside the SSS BW.
The definitions of the two types of sequence are given below.


[bookmark: _GoBack]Figure 3: An example of Type 1 and Type 2 sequence mapping
1) Type 1 sequence
The Type 1 sequence , which does not carry the time index, is defined by 

where  denotes the bandwidth in RBs of the PBCH symbols, and denotes the bandwidth in RBs of the SSS symbols. The 12 RBs in the first PBCH symbol are used for the Type 1 sequence, as shown in Figure 3. The pseudo-random sequence is defined similar to LTE CRS sequence generation. The pseudo-random sequence generator can for example be initialized with.
2) Type 2 sequence
The Type 2 DMRS sequence, which carries the time index, is defined by:

where the 12 RBs in the first PBCH symbol and the 24 RBs in the second PBCH symbol used for the Type 2 sequence, as shown in Figure 3.The pseudo-random sequence is defined similar to LTE CRS sequence generation. The pseudo-random sequence generator can for example be initialized with
 at each SS block similarly to LTE, 
where  denotes the number of time indices, e.g.   when 3 bits of timing information is indicated by the DMRS sequence.
It is worth noting that the above DMRS sequences is generated based on the case of 2 PBCH symbols within the SS block: PSS-PBCH-SSS-PBCH because BLER of 2 symbols PBCH is far less than 1% under SNR large than -10 dB, as shown in Figure A-1 and Figure A-2 of Appendix.
Proposal 2: PBCH DMRS sequence is divided into a Type 1 sequence and a Type 2 sequence:
· Type1 sequence: depends on Cell ID, used to combine the SSS sequence for estimating channel coefficient and demodulating Type 2 sequence.
· Type2 sequence: depends on Cell ID and time index, used for indicating timing information.
Proposal 3: The number of PBCH symbols should be 2.
2.2 DMRS sequence mapping
Type 1 sequence  and Type 2 sequence  are mapped on DMRS REs in the order of first frequency domain and then time domain. For different cells, they can be mapped onto resource elements with cell-specific frequency shift  in order to reduce the interference between neighbor cells at a certain probability.
The Type 1 sequence not used for time index indication  shall be mapped to complex-valued modulation symbols   , where and  represent subcarrier and OFDM symbol index within an SS block, according to:






For the Type 2 sequence used for time index indication , as shown in Figure 4, we can consider two mapping options:
Option 1: RE mapping from low to high 
Option 2: RE mapping from high to low


Figure 4: two options of Type 2 sequence mapping
· Option 1:
The Type 2 sequence  shall be mapped to complex-valued modulation symbols  , where and  represent subcarrier and OFDM symbol index within a SS block, according to:





· Option 2:
The Type 2 sequence shall be mapped to complex-valued modulation symbols   , where and  represent subcarrier and OFDM symbol index within a SS block, according to:





2.3 Detection performance for DMRS
Based on DMRS sequence design and the two mapping options, we have the following main alternatives for time index indication: 
· Alt 1. indicating 3 bit timing information: using one of two mapping options, and 3 bit of SS block index is indicated by Type 2 sequences;
· Alt 2. indicating 4 bit timing information: 3 bit is indicated by Type 2 sequences and 1 bit is indicated by two mapping orders, i.e. two mapping options.
For 4 GHz carrier frequency, we evaluated the performance of Type 2 sequences detection in the presence of interference from neighbor cells, and interferer cell always uses the Type 2 sequence with the strongest cross-correlation between Type 2 sequences of worst case cell id pair. This case should be considered as the strongest interference scenario because strongest cross-correlation sequence of interferer cell of worst case cell id pair will result in higher high false alarm rate. As shown in Figure 5, where CS k means that relative frequency shift between target cell and interferer cell is k. For example, CS 0 means that  is 0 for both target cell and interferer cell, CS 1 means that   is 0 for target cell and 1 for interferer cell. 
We can observe that for 4 GHz and CS 1, it is no problem using Type 2 sequences to indicate 3 bits timing information (Alt1) under the condition of misdetection rate less than 1% and SNR equal to or larger -6 dB. It is also no problem using Type 2 sequences and two mapping orders to indicate 4 bit timing information (Alt2) under the same condition. But for 4 GHz and CS 0, misdetection rate cannot meet the requirement of detection performance for Type 2 sequences. Therefore, it is necessary to use cell-specific frequency shift for DMRS sequences mapping.
For 30 GHz carrier frequency, as shown in Figure 6, we evaluated the performance of Type 2 sequences detection without interferer cell considering beam sweeping greatly reducing the probability of interference between neighbor cells. We can observe that it is no problem using Type 2 sequences to indicate 3 bits timing information under the condition of misdetection rate less than 1% and SNR equal to or larger -6 dB. But the misdetection rate indicating 4 bit timing information is 1.14% when one-shot detection is used and SNR is -6 dB. It is slightly high comparing to misdetection rate 1%. But it is still acceptable considering optimization of detection algorithm because we can use optimization detection algorithm, for example, combining detection algorithm across SS burst sets, to improve success rate of Type 2 sequences detection .
[image: ]
Figure 5: misdetection rate (%) for 4 GHz carrier frequency
[image: ]
Figure 6: Misdetection rate (%) of one-shot detection and combing detection across two SS burst sets for 30 GHz carrier frequency
Proposal 4: PBCH DMRS sequences should indicate 4 bit timing information. Cell-specific frequency shifts should be used for DMRS sequences mapping.
3. Timing Indication
3.1 Indication of SBI
As an agreement made in RAN1 #89 meeting, the maximum number of SS blocks within SS burst set, L, for different frequency ranges were determined [4]. 
	Agreements#89:
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64


For different frequency ranges, different indication bits are needed. As discussion in section 2.3, 3 bits for SBI can be indicated by PBCH DMRS sequence at 4 GHz frequency band. 
[bookmark: OLE_LINK2]Proposal 5: For the frequency range up to 6 GHz, SBI is indicated by PBCH DMRS. 
· For the frequency range up to 3 GHz, 4 different PBCH DMRS sequences are defined for SBI indication
· For the frequency range from 3GHz to 6 GHz, 8 different PBCH DMRS sequences are defined for SBI indication
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]For frequency range from 6 GHz to 52.6 GHz, L=64, 3 bits can be indicated by PBCH DMRS based on discussion in section 2.3. Another 3 bits are needed to complete the whole SBI indication. For this, we can use PBCH explicit indication. Some further alternatives can be listed:
· Alt1: 3 bits in PBCH payload indicate 3 LSBs of SBI;
· Alt2: 3 bits in PBCH payload indicate 3 MSBs of SBI.


Figure 7: Different Alts for SBI bits indicated in PBCH payload
As shown in Figure 7, the advantage of alt2 is that the neighboring SS blocks employ the same PBCH payload. It is beneficial for combining SS blocks within a SS burst set. 
Proposal 6: For the frequency range from6 GHz to 52.6 GHz, SBI is indicated by a combination of PBCH DMRS and PBCH explicit. 
· 8 different PBCH DMRS sequences are defined for 3 LSBs of SBI indication
· 3 bits in PBCH payload indicate 3 MSBs of SBI
3.2 Indication of SFN and half frame timing
[bookmark: OLE_LINK22]In the RAN1 AH_NR meeting, it was agreed that the PBCH carries at least a part of the SFN [5]. In the RAN1 #89 meeting, it was further clarified that at least 80 ms granularity (i.e. 7-10 bits) are carried in NR-MIB. The indication within 80 ms is FFS [4].
	Agreement:
· NR-PBCH contents shall include:
· At least part of the SFN (system frame number)
· FFS on the number of bits used to indicate SFN
· FFS how much of the SFN is indicated explicitly, and how much (if any) is indicated implicitly
· [...]
Agreements:
· Following contents are carried in NR-MIB
· (Part of) SFN: [7 - 10] bits
· At least 80 ms granularity
· FFS: indication within 80 ms


In the current LTE system, PBCH TTI is configured as 40ms. For total 10 bits SFN, 8 MSBs of the SFN are carried by the PBCH explicitly. The 2 LSBs of SFN are carried through different RVs of PBCH in different frames. The following subsection will discuss the indication method of SFN and half frame timing in NR. 
In NR, PBCH TTI was agreed to be 80ms [6].Considering the method similar to LTE, the same 7MSBs of the total 10 bits SFN can be carried by each PBCH within the PBCH TTI explicitly.
Proposal 7: The same 7MSBs of the total 10 bits SFN can be carried by each PBCH within the PBCH TTI explicitly.
[bookmark: OLE_LINK21]The indication of the 3 LSBs of the SFN and half frame timing should be further considered for distinguishing different radio frames and half frame within the PBCH TTI. 
There are different requirements for the indication of bits considering different periodicities of the SS burst set. For example, there are 16 SS burst sets within the 80ms PBCH TTI for 5ms SS burst set periodicity, and 4bits will be needed for distinguishing each of them. For larger SS burst set periodicity, less bits are required as some of them can be implicated by detection of SS block with fixed time domain location. For example, half frame timing can be omitted for SS burst set periodicity larger than 5ms due to a fixed SS burst set location in the first 5ms [7]. 
But for UE initial access cell without periodicity information, the timing ambiguity issue can occur if the design is such that the same indication information implies different meanings under different SS burst set periodicity. 
To avoid causing timing ambiguity for UEs performing initial access, the indication method should be designed based on the maximum indication bits even if larger periodicities doesn't need so many indication bits. And the same indication information implies uniform meanings under different SS burst set periodicity.
Observation 1: The indication method should be designed basing on the maximum indication bits. The same indication information implies uniform meanings under different SS burst set periodicity.
There are total 4 bits needed to be indicated. The following two levels of timing information can be identified: 
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]radio frame timing within 80ms PBCH TTI (3 bits)
· half frame timing (1 bit)
[bookmark: OLE_LINK8]Scrambling of the PBCH can be used to indicate radio frame timing within 80ms PBCH TTI. Two PBCH DMRS (Type 2 sequence) mapping orders can be introduced to indicate half frame timing. 


Figure 8: 3 LSBs of SFN indication and half frame timing for different periodicity of SS burst set
[bookmark: OLE_LINK11][bookmark: OLE_LINK7]As shown in figure 8, keeping the same relationship between 'Scramble\Order' and time domain location should be considered. It means 16 combinations of Scramble and Order will be defined, and some combinations of Scramble and Order will not be used by larger periodicity. For example, only Scramble0\Order0 and Scramble4\Order0 are adopted by 40 ms case.
Proposal 8: The 3 LSB bits of SFN and half frame timing can be indicated implicitly by scrambling code sequence of the PBCH and PBCH DMRS mapping order.
· Eight scrambling sequences of the PBCH can be used to indicate radio frame timing within 80ms PBCH TTI
· Two PBCH DMRS mapping orders can be introduced to indicate half frame timing
4. Conclusions
Based on the discussion, we have the following proposals and observations:
Observation 1:
Proposal 1: LTE pseudo-random sequence generator can be considered for NR PBCH DMRS
Proposal 2: PBCH DMRS sequence is divided into a Type 1 sequence and a Type 2 sequence:
· Type1 sequence: depends on Cell ID, used to combine the SSS sequence for estimating channel coefficient and demodulating Type 2 sequence.
· Type2 sequence: depends on Cell ID and time index, used for indicating timing information.
Proposal 3: The number of PBCH symbols should be 2.
Proposal 4: PBCH DMRS sequences should indicate 4 bit timing information. Cell-specific frequency shifts should be used for DMRS sequences mapping.
Proposal 5: For the frequency range up to 6 GHz, SBI is indicated by PBCH DMRS. 
· For the frequency range up to 3 GHz, 4 different PBCH DMRS sequences are defined for SBI indication
· For the frequency range from 3GHz to 6 GHz, 8 different PBCH DMRS sequences are defined for SBI indication
Proposal 6: For the frequency range from6 GHz to 52.6 GHz, SBI is indicated by a combination of PBCH DMRS and PBCH explicit. 
· 8 different PBCH DMRS sequences are defined for 3 LSBs of SBI indication
· 3 bits in PBCH payload indicate 3 MSBs of SBI
Proposal 7: The same 7MSBs of the total 10 bits SFN can be carried by each PBCH within the PBCH TTI explicitly.
Proposal 8: The 3 LSB bits of SFN and half frame timing can be indicated implicitly by scrambling code sequence of the PBCH and PBCH DMRS mapping order.
· Eight scrambling sequences of the PBCH can be used to indicate radio frame timing within 80ms PBCH TTI
· Two PBCH DMRS mapping orders can be introduced to indicate half frame timing
[bookmark: OLE_LINK60][bookmark: OLE_LINK59]
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6. [bookmark: OLE_LINK12]Appendix
6.1 [bookmark: OLE_LINK1]Evaluation parameters
Table A-1 Link-level Evaluation Assumptions for performance comparison of scheme A and scheme B
	Parameter
	Value

	Carrier Frequency
	4GHz

	Subcarrier spacing
	30kHz

	Number of antenna port
	1

	UE speed
	3 km/h 

	Channel Model
	CDL-C, with delay scaling values of 100 ns 

	SNR
	-7dB to -4 dB in 0.5dB step

	The mapping order of SS blocks
	PSS-PBCH-SSS-PBCH

	DMRS density
	1/4 (i.e. 3 REs per PRB)

	PBCH DMRS detection
	one-shot detection

	Frequency Offset
	TRP: uniform distribution +/- 0.05 ppm
UE: uniform distribution +/- 0.1 ppm

	Number of interfering TRPs
	0 interfering TRP



Table A-2 Link-level Evaluation Assumptions for PBCH DMRS detection
	Parameter
	Value

	
	For below 6GHz
	For above 6GHz

	Carrier Frequency
	4GHz
	30GHz

	Subcarrier spacing
	30kHz
	120kHz

	Number of antenna port
	1
	1

	UE speed
	3 km/h 
	3 km/h

	Detection algorithm
	One-shot
	One-shot/combining across two SS burst sets

	Channel Model
	CDL-C, with delay scaling values of 100 /1000ns for 4 GHz, 30 ns for 30 GHz 

	SNR
	From -7 to 6 dB step by 1 dB

	The mapping order of SS blocks
	PSS-PBCH-SSS-PBCH

	DMRS density
	1/4 (i.e. 3 REs per PRB)


Notes: we assumed the target SNR includes beamforming gains for 30 GHz carrier frequency.
6.2 Number of PBCH symbols
Table A-3: Link-level evaluation assumptions for PBCH
	 Parameter
	Assumptions

	Carrier Frequency
	4GHz

	Channel Model
	CDL-C

	Subcarrier Spacing
	30 KHz

	Delay spread
	100/1000 ns

	Channel coding
	Polar

	Payload size 
	72 bits(Including CRC)

	CRC size
	19 bits

	DMRS density
	1/4 density 

	UE speed
	3/120Km/h

	Transmission number
	4 Transmission

	Frequency Offset
	TRP: uniform distribution +/- 0.05 ppm 
UE: uniform distribution +/- 0.1 ppm

	Phase Rotation Model
	Follow the PN model of [R1-165005]

	Number of interfering TRPs 
	0 TRP



[image: ]
Figure A-1 LLS of simulation results of NR-PBCH with different number of symbols

[image: ]
Figure A-2 LLS of simulation results of NR-PBCH with different number of symbols
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