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1 Introduction
In RAN1#88bis meeting, the following agreements are related to SS block time index.
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 this contribution, we focus on the discussion of indication methods for the timing-related information.
· Timing information of SFN 
· Timing information of SS block index 

2 SFN indication 
For timing information of SFN (i.e., in the unit of system frame of 10ms), we propose 
· The 7-bit MSB of SFN every NR-PBCH TTI of 80ms is explicitly indicated in MIB
· The 3-bit LSB of SFN within NR-PBCH TTI of 80ms is implicitly indicated by using scrambling.

In LTE, the PBCH TTI is 40ms. There are explicit 8-bit MSB of SFN in MIB. The remaining 2-bit LSB of SNR is based on the implicit indication by using RVs together with corresponding scrambling sequence. The PBCH scrambling sequence is a long PN sequence with length of 1920. The 40bits of PBCH payload is coded by 1/3 TBCC coding and rate matching into 1920bits and it is scrambled before QPSK modulation. The 960 modulated symbols are segmented into 4 RVs and each RV has 240 symbols, mapping on the 240REs in 4 PBCH symbols per 10ms. Each RV has one segment of the long scrambling sequence, which can implicitly indicate the detected cell ID as well as the 2-bit LSB of SNR is correct if the decoding bits after descrambling can pass the CRC check. 
In NR, the NR-PBCH TTI is 80ms. To enable soft-combining of PBCH within TTI, we put 7-bit MSB of SFN in MIB. The remaining 3-bit LSB of SNR is implicitly indicated by scrambling and CRC check, similar as LTE. Let’s assume we have PBCH payload of 64bits. After Polar coding and rate matching, we could have 768bits. With 4-time repetition, the 3072bits are scrambled by using the long scrambling sequence with length of 3072. The QPSK-modulated 1536 symbols are segmented into 4 RVs with each RV has self-decodable 384symbols. Each RV can be mapped into the 384 REs in the 2 NR-PBCH symbols excluding the DMRS REs with 1/3 overhead. Therefore, we can use 4 segments of scrambling sequence to identify the 2-bit LSB of SFN. Each cell has different scrambling sequences to differentiate two groups of SFN {0, 20, 40, 60ms} and {10, 30, 50, 70ms} within PBCH TTI of 80ms.

Proposal 1: 7-bit MSB of SFN explicitly indicated in MIB and 3-bit LSB of SFN implicitly indicated by using scrambling.
 
1 
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3 SS block timing index indication 
3 
According to [1], there are following main alternatives considered for SS block index indication:  
· Alt 1: Explicit indication in MIB;
· Alt 2: DMRS carrying hypotheses of SS block indices;
· Alt 3: Hybrid of Alt1 and Alt2;

For Alt1, MIB include the common and non-common information of the SS blocks. The SS block indices are different within a NR SS burst set. For a UE, who may be in the overlapped beams, could do the soft-combining of the common information to improve the PBCH detection. But Alt1 requires additional functionality and complicated decoding with multiple hypothesis to separately combine the common information across SS blocks within a NR-SS burst set. According to RAN2 LS R2-1706160 [2], the UE should be able to perform beam/cell measurement and identification quickly and reliably with minimal need for measurement gaps. A CONN UE does not read MIB during UL reporting, especially for the neighbor cells. For the beam-level mobility based on NR-SS blocks, it is necessary to get the beam-specific RRM measurement. The NR-SS block index per NR-SS block represent its beam index during beam sweeping of a NR SS burst set. If there is considerable delay due to reading the time index from PBCH, RAN2 observes that this may impact handover performance and UE power consumption. Therefore, we should be careful to investigate whether Alt1 can satisfy the reliability and latency issues addressed by [2].
Alt2 is to use DMRS carrying hypotheses of SS block indices outside PBCY payload. Similar to the PSS/SSS, the DMRS sequence with low cross correlation is helpful to achieve robust SS block index detection before PBCH decoding. The 6-bit information of max 64 block indices is much smaller than MIB payload so that Alt2 is more reliable than Alt1. The binary Gold-sequence-based DMRS with freq-domain detection is simpler than the decoding [3]. Also after the DMRS sequence identification, it could be used for PBCH demodulation as well as RRM measurement. More discussion on the PBCH performance gain of SSS together with DMRS is given in our companion tdoc [4]. In order to improve the DMRS detection performance, the NR-SSS with same antenna port can get the channel estimation for coherent detection of DMRS sequence. In addition, the predefined SS block location is useful to determine symbol/slot/subframe/frame boundary within 5ms. On top of PSS/SSS, the DMRS may be used as an additional synchronization signal.
The comparison among Alt1, Alt2 and Alt3 is illustrated in Table 1, where Alt1 is the case that DMRS carrying no hypotheses and PBCH payload has 64+6bits; Alt2 is the case that DMRS carrying 6-bit hypotheses and PBCH payload has 64+0bits; Alt2 include that DMRS has 4-bit or 3-bit hypotheses and remaining 2bits or 3bits are put into PBCH payload to top of 64bits We assume there are 2 PBCH symbols and 288REs per PBCH symbol and the DMRS overhead of 1/3 and 1/4 is illustrated. Consider the DMRS within 12RBs can use coherent detection based on SSS, we assume the same DMRS sequences are duplicated in the frequency domain, so that half of DMRS REs are counted to estimate the equivalent coding rate for possible number of bits carried on DMRS. As shown in TABLE 1, we can see that the equivalent coding rate of DMRS detection for Alt2 and Alt3 is always much lower than that of MIB coding rate for Alt1 and Alt3. Compared with LTE PBCH coding rate of 1/12 for one-shot detection and 1/48 for 4-shot combining to reach the coverage, the NR DMRS with 1/3 or 1/4 overhead can indicate up to 64 SS blocks for above 6GHz and up to 8 SS blocks for sub6GHz without decoding NR PBCH. It avoids additional latency and power consumption of reading PBCH payload, similar as LTE procedure for mobility measurement. However, the one-shot PBCH decoding for Alt1, Alt2 and Alt3 cannot achieve the low coding rate to satisfy the requirement at low SNR=-6dB.

TABLE 1
	
	PBCH REs
	DMRS REs
(overhead)
	Number of bits on DMRS &
1-shot equivalent coding rate assuming QPSK
	PBCH payload & 
1-shot coding rate assuming QPSK

	LTE 
	72*4=288
	48REs CRS
	-
	40bits1/12

	NR
	288*2
=576 REs
	Case 1: 
192REs DMRS (1/3) 96 DMRS REs duplicated in the two OFDM symbols
	Alt 1: 0bits0
	Alt 1: 64+6bits1/10.9

	
	
	
	Alt 2: 6bits1/32
	Alt 2: 64bits+0bits1/12

	
	
	
	Alt 3-a: 4bits1/48
	Alt 3-a: 64bits+2bits1/11.6

	
	
	
	Alt 3-b: 3bits1/64
	Alt 3-b: 64bits+3bits1/11.4

	
	
	Case 2:
144REs DMRS (1/4) 72 DMRS REs duplicated in the two OFDM symbols
	Alt 1: 0bits0
	Alt1: 64+6bits1/12.3

	
	
	
	Alt 2: 6bits1/24
	Alt2: 64bits+2bits1/13.0

	
	
	
	Alt 3-a:4bits1/36
	Alt3-a: 64bits+3bits1/12.8

	
	
	
	Alt 3-b: 3bits1/48
	Alt3-b: 64bits+0bits1/13.5




Proposal 2: Multiple NR-DMRS sequences are introduced to indicate the SS block index within an SS burst set. 
· 1st preference: DMRS to indicate SS block indices in order to avoid additional latency and power consumption of reading PBCH payload. 
· 2nd preference: DMRS to indicate partial SS block indices and offload remaining SS block indices in explicit bits of PBCH payload, if this design can satisfy the reliability and latency issues addressed by LS R2-1706160.

4 SS block timing index detection performance 
[bookmark: _GoBack]FIGURE1 shows the TDMed consecutive 4 symbols of PSS-SSS-PBCH-PBCH, where PBCH symbols have self-contained DMRS. We propose using DMRS to indicate the SS block index. Since there are up to 64 NR-SS blocks for carrier frequency range from 6 GHz to 52.6 GHz, max 6bits are implicitly indicated by DMRS sequences. In this way, UE does not need to decode MIB in NR-PBCH to get the SS block index, and saves measurement/reporting latency. As illustrated in FIGURE 1, we propose to repeat the DMRS sequence in frequency domain so that the same DMRS sequence are used in the central 12 PRBs and the remaining 12 PRBs correspondingly. This repetition pattern enables UE to perform coherent detection of DMRS sequence based on NR-SSS and non-coherent detection of DMRS sequence outside NR-SSS band. The coherent and non-coherent can jointly improve the detection performance, better than non-coherent DMRS detection over full PBCH BW. With robust DMRS detection, it is possible to consider different DMRS repetition pattern in the frequency domain to implicitly indicate 1-bit 5ms boundary, such as [A (A B) B] or [B (A B) A] where (A B) is the DMRS sequence mapping in the center 12RBs. In the following evaluation, we assume fixed pattern and use multiple DMRS sequences for SS block index indication.

[image: ]
FIGURE 1 NR-SS block composition

Firstly, the NR-SSS is used for coherent detection of NR-DMRS sequences. The detection performance of DMRS sequences is expected to be much better than that of MIB detection. So it would not be the bottleneck of the performance of initial access. The NR-SSS and NR-PBCH symbols are next to each other and use same antenna. 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. According to the RAN1 agreement in last meeting, we should support maximum 64 NR SS blocks for above6GHz. We choose 1/3 REs in 288REs per symbol for DMRS based on the simulation analysis in [4]. The equivalent coding rate for 6-bit information is around 1/16 with BPSK, or equivalent 1/32 with QPSK, as shown in Table 1. It is much better than PBCH coding rate of 1/12 with QPSK. 
FIGURE 2 illustrates the DMRS detection performance based on coherent detection inside SSS band and non-coherent outside SSS band for below 6GHz and above 6GHz, respectively. After the DMRS detection, the PBCH is demodulated by using SSS and DMRS coherent detection. The ideal case with known DMRS for PBCH with 64bits is also shown as reference. Evaluation results in FIGURE 2(a) shows single-cell performance at 4GHz, where we can see that one-shot DMRS already achieves very robust performance (BLER=0.1%), more than 5dB better than PBCH, where the PBCH decoding can NOT satisfy BLER=1% at -6dB. Evaluation results in FIGURE 2(b) show multi-cell performance at 4GHz with 2 cells and one interfering cell having SIR=0dB. Compared with single-cell in FIGURE2 (a), both DMRS and PBCH performance degrades due to lower SINR resulted by the interfering signal. However, DMRS still achieves very robust performance much lower than BLER=1%; PBCH explicit indication suffers from significant degradation and the gap between DMRS and PBCH becomes larger. Evaluation results in FIGURE 2(c) of 30GHz have similar tendency, where one-shot DMRS with 3~6bits is 5~6dB better than that of PBCH explicit indication. DMRS with 3~4bits approach BLER=1% at -6dB. In all the cases, the curve of ideal DMRS is overlapped with that of the realistic DMRS detection. Since DMRS detection performance with 8~64 hypotheses is much better than that of PBCH, there is no impact of the DMRS detection on the PBCH demodulation. Therefore, the proposed DMRS indication can effectively deliver the SS block index information up to 6 bits (i.e., 64 hypotheses). 
[image: ][image: ]
(a) Single cell for below 6GHz	                 (b) Multi-cell for below 6GHz
[image: ]
(b) Single-cell for above 6GHz

FIGURE 2 DMRS and PBCH performance

FIGURE 3 further investigate the impact of DMRS RE mapping schemes and DMRS with different overhead. 
· 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)
Uneven DMRS RE mapping has been proposed to reduce DMRS overhead within SSS band and leave more remaining REs to help PBCH coding gain [1]. FIGURE 3(a) illustrates the DMRS and PBCH detection performance using even RE mapping and uneven RE mapping for single cell at 4GHz. 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 432REs for payload and the corresponding one-shot PBCH coding rate is 1/13.5. The improvement by using uneven RE mapping (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 uneven mapping results in DMRS performance loss. 
FIGURE 3(b) further compare the DMRS and PBCH detection performance using similar DMRS overhead but different even RE mapping and uneven RE mapping for single cell at 4GHz. We assume 1/4 overhead in PBCH 24RBs (Opt1) and 1/6 inside center 12RBs but 1/3 overhead outside (Opt2). Both have same number of DMRS REs and same number of remaining REs for PBCH payload. We can see that PBCH explicit BLER is very similar but still cannot satisfy the coverage requirement. Relatively, Opt2 is more complicated since it requires separate processing of channel interpolation processing for different DMRS overhead. Even using same number of DMRS REs, the DMRS with even mapping (Opt1) is around 1dB better than that of uneven mapping (Opt2). It is because the DMRS sequence length of Opt1 is 72, longer than that of Opt2, 48.


[image: ]
(a) Even (1/3) vs. Uneven (1/6 inside SSS band, 1/3 outside SSS)
[image: ]
(b) Even (1/4) vs. Uneven (1/6 inside SSS band, 1/3 outside SSS)
FIGURE 3 Impact of DMRS RE mapping and overhead 



Observation: 
· NR-DMRS sequence detection for NR-SS block index identification is much more robust than PBCH explicit indication, even more robust against interference in multi-cell scenarios.
· NR-DMRS sequence detection has no impact on the channel estimation for NR-PBCH detection.
· NR-DMRS uneven RE mapping cannot improve PBCH detection but only results in DMRS performance loss, compared with even mapping assuming similar DMRS overhead.

Proposal 3: NR-DMRS with even RE mapping is preferred for SS block index indication. 
5 Conclusions
This contribution has examined design issues related to NR system information delivery in initial access, and made the following observations and proposals.

Proposal 1: 7-bit MSB of SFN explicitly indicated in MIB and 3-bit LSB of SFN implicitly indicated by using scrambling.

Proposal 2: Multiple NR-DMRS sequences are introduced to indicate the SS block index within an SS burst set. 
· 1st preference: DMRS to indicate SS block indices in order to avoid additional latency and power consumption of reading PBCH payload. 
· 2nd preference: DMRS to indicate partial SS block indices and offload remaining SS block indices in explicit bits of PBCH payload, if this design can satisfy the reliability and latency issues addressed by LS R2-1706160.
Observation: 
· NR-DMRS sequence detection for NR-SS block index identification is much more robust than PBCH explicit indication, even more robust against interference in multi-cell scenarios.
· NR-DMRS sequence detection has no impact on the channel estimation for NR-PBCH detection.
· NR-DMRS uneven RE mapping cannot improve PBCH detection but only results in DMRS performance loss, compared with even mapping assuming similar DMRS overhead.
Proposal 3: NR-DMRS with even RE mapping is preferred for SS block index indication. 
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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 scaling
	100ns, 1000ns

	Modulation
	QPSK

	Antenna configuration
	2x2

	Period
	80ms / 4times repetition

	Tx scheme
	1-port precoder cycling

	Velocity
	3km/h, 500km/h

	Channel model
	CDL-C 

	Channel estimation
	2D MMSE

	Channel coding
	1/3 TBCC

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



Table A2: Evaluation assumptions 
	Parameters
	Above 6GHz

	Bandwidth
	69.12MHz

	Subcarrier spacing
	240kHz

	Carrier frequency
	30GHz

	FFT size
	512

	Delay spread scaling
	30ns

	Modulation
	QPSK

	Period
	1-shot or 4-shot

	Tx scheme
	1-port precoder cycling

	Velocity
	3km/h

	Channel model
	CDL-C

	sChannel estimation
	2D MMSE, DFT based denosing

	Channel coding
	1/3 TBCC

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

	Beam selection
	DFT beams for both eNB and UE are fixed regardless of angle translation
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