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1. [bookmark: _Ref485642406]Introduction
This contribution further discusses SS block composition, which includes OFDM symbol composition of the synchronization signal (SS) block, and resource element mapping rules for NR PBCH.

2. Discussion on NR PBCH RE Mapping
DMRS Overhead
We have evaluated three different DMRS density to find the good trade-off between DMRS overhead and number of resource elements (RE) for NR PBCH data. We have evaluated DMRS overhead of 1/3, 1/4, and 1/6. The less DMRS overhead assumed, more REs used for NR PBCH data, resulting in lower effective code-rate. Figure 2 shows the DMRS overhead comparison for UE mobility of 3 km/hr and 120 km/hr under zero residual CFO.
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(a) UE mobility 3 km/hr									(b) UE mobility 120 km/hr
[bookmark: _Ref485644385]Figure 1. NR PBCH performance with various DMRS density
	From the results, we observed that more accurate channel estimation results washes away the performance loss incurred by increase in effective code rate. Therefore, the BLER performance of NR PBCH was found to be similar for the DMRS overhead ranges of 1/3 to 1/6.
	Therefore, the selection of the DMRS overhead should take other aspects into account. One aspects for further consideration is the ability to further lower down carrier frequency offset using DMRS in both OFDM symbols of NR PBCH. Figure 3 shows the residual frequency error after using DMRS to further compensate for CFO, after PSS and SSS detection. The simulation assume that correct cell ID was detected and PSS/SSS and DMRS is used to compensate for CFO. It should be noted that single shot detection of PSS/SSS at -6 dB SNR is higher than 1% and relative larger residual carrier frequency may not impact the overall performance much.
[image: cid:image002.png@01D2E560.BD9315C0]
[bookmark: _Ref485644797]Figure 4. Residual carrier frequency error at single shot SS block detection after additional CFO compensation using NR PBCH DMRS
		Figure 2 and Figure 3 show the PBCH performance with various DMRS overhead and when tested with residual CFO of 0.5ppm and 1ppm prior to PBCH DMRS based CFO compensation. Alt 1 and Alt 2 in the simulation results refer to different PBCH RE mapping rules.
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	(a) Maximum Residual CFO prior to DMRS based CFO compensation of 0.5ppm
	(b) Maximum Residual CFO prior to DMRS based CFO compensation of 1.0ppm


[bookmark: _Ref485992921]Figure 2. NR PBCH DMRS density comparison with PBCH Payload of 64 Bits (including CRC)
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	(a) Maximum Residual CFO prior to DMRS based CFO compensation of 0.5ppm
	(b) Maximum Residual CFO prior to DMRS based CFO compensation of 1.0ppm


[bookmark: _Ref485992923]Figure 3. NR PBCH DMRS density comparison with PBCH Payload of 72 Bits (including CRC)

From the results, we observe that higher DMRS density does provide some benefits in improving residual CFO and DMRS overhead of either 1/3 and 1/4 seems to provide a good balance of PBCH decoding performance, and CFO compensation capability.
Proposal 1:
· Effective Density for NR PBCH DMRS is selected from either 1/3 or 1/4
DMRS RE Mapping Pattern
Based on our companion contribution [3], DMRS density of 1/2 is needed in the same bandwidth NR PSS and SSS bandwidths in order to provide consistently better performance for DMRS based time index signaling compared to PBCH payload based time index signaling. Figure 5 shows the time index signaling and PBCH detection performance with different DMRS RE mapping patterns.
[bookmark: _GoBack][image: ][image: ]	
[bookmark: _Ref486269357]Figure 5. Time index signaling delivery method comparison with non-uniform DMRS density
From the results, non-uniform mapping of DMRS REs across frequency can provide better detection performance for DMRS based time index signaling, while having minimal loss to PBCH decoding performance (from the extra DMRS overhead).
Proposal 2:
· Non-uniform DMRS RE pattern is considered if time index signaling is conveyed through DMRS sequences. 

PBCH RE Mapping Rules
In RAN1 #89, two alternatives on PBCH RE mapping rules were discussed.
· 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
Additionally, use of polar code with base matrix size of 512 was agreed as working assumption for NR PBCH. Given that 288 subcarriers and 2 OFDM symbols are available for PBCH, the Alternative 1 allows full use of the entire base matrix without any puncturing or shortening and extends the encoded bits via rate-matching scheme, such as circular buffer rate-matching. Alternative 2, will likely result in some of the encoded bits of to be either punctured or shortened since all the encoded information must be rate-matched to a single OFDM symbol. In essence, the two schemes inherently has different effective mother code rate which can impact performance.
To compare the two alternatives, we performed link level simulations using the simulation assumptions shown in the Appendix. The simulation results are shown in Figure 4 and Figure 5.
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[bookmark: _Ref485653439]Figure 5. NR PBCH RE mapping comparison with PBCH Payload of 64 Bits (including CRC)
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[bookmark: _Ref485671624]Figure 6. NR PBCH RE mapping comparison with PBCH Payload of 72 Bits (including CRC)
From Figure 4 and Figure 5, Alternative 1 seems to have small performance advantage compared to Alternative 2. If DMRS density of 1/3 or 1/4 is to be supported in NR PBCH, the additional benefit from reducing the residual carrier frequency offset seems to be very minimal. The extremely low code-rate of the PBCH using QPSK modulation already provides robustness to some degree of residual carrier frequency offset.
It should be noted that the added benefit from purely repetitive PBCH OFDM symbol only works in single cell scenarios. In multi-cell scenarios, where PBCH from different cells can be received simultaneously, the receiver is unable to distinguish the carrier frequency of signals from different cells just by comparing the repeated PBCH OFDM symbols. In fact, this multi-cell scenario with potentially different carrier frequency offset (possibly due to Doppler) was investigated during NR PSS study. The whole motivation for supporting 3 PSS sequences was to cope with such hypothetical scenario. Therefore, the use cases which the UE can utilize the repeated OFDM symbol structure of NR PBCH may be quite limited.
Based on these observations, we prefer to support Alternative 1. If alternative 2 is to be supported for the reasons that it provide better residual carrier frequency offset compensation capability, we may need to revisit the agreement on having 3 PSS sequences and choose to support only 1 PSS sequence. Supporting 1 PSS sequence not only will provide much lower overall computation complexity for the cell search engine, but will provide the same cell search performance.
Proposal 2:
·  NR should support Alt 1 for PBCH RE mapping rules.
· 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.

3. Discussion on OFDM Symbol Composition of NR SS Block
For the order of OFDM symbols carrying NR PSS/SSS/PBCH in the SS block, we consider the three options depicted in Figure 6.



			
	(a) Option 1	(b) Option 2	(c) Option 3
[bookmark: _Ref481626163]Figure 7. NR SS block composition options.
In Option 1, the small distance between PBCH symbols may affect the residual carrier frequency offset (RFO) estimation performance which can be based, for example, on PBCH DMRS.
In principle, it is possible to use NR SSS as the channel estimation source for PBCH in conjunction with PBCH DMRS. For that purpose, it is assumed that NR SSS and PBCH DMRS have the same mapping to antenna ports. However, in Option 2, due to the large distance between two PBCH symbols, the SSS-based channel estimate may be inaccurate for the 1st PBCH symbol.
In Option 3, due to the symmetrical location of NR SSS between the two PBCH OFDM symbols, the SSS-based channel estimate can be used to improve PBCH demodulation. At the same time, temporal separation of DMRS potentially allows to estimate and compensate small RFO.
Figure 6, Figure 7, Figure 8, and Figure 9 show simulation results of PBCH decoding performance with various DMRS overhead and UE mobility for 3 km/hr and 120 km/hr. The PBCH payload of 64 bits and 72 bits including CRC was assumed and polar codes were used to encode the PBCH. Polar code sequence was based on [2] and natural bit order type 1 (puncturing) and circular buffer rate-matching was used with random interleaving. From the results Option (2) and (3) consistently outperform Option (1). Performance between Option (2) and (3) are quite similar, where Option (2) has slight advantage over Option (3) in high mobility and Option (3) has slight advantage over Option (2) in low mobility.
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(a) DMRS overhead 1/3					(b) DMRS overhead 1/4					(c) DMRS overhead 1/6
[bookmark: _Ref485991329]Figure 8. Performance of PBCH with payload of 64 bits and UE mobility of 3 km/hr
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(a) DMRS overhead 1/3					(b) DMRS overhead 1/4					(c) DMRS overhead 1/6
[bookmark: _Ref485991330]Figure 9. Performance of PBCH with payload of 72 bits and UE mobility of 3 km/hr
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(a) DMRS overhead 1/3					(b) DMRS overhead 1/4					(c) DMRS overhead 1/6
[bookmark: _Ref485991332]Figure 10. Performance of PBCH with payload of 64 bits and UE mobility of 120 km/hr
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(a) DMRS overhead 1/3					(b) DMRS overhead 1/4					(c) DMRS overhead 1/6
[bookmark: _Ref485991333]Figure 11. Performance of PBCH with payload of 72 bits and UE mobility of 120 km/hr

	Based on the results above, we recommend that Option (3) be adopted for the OFDM symbol ordering for SS blocks.
Proposal 4:
· For NR SS block composition, use Option 3 where NR SSS is located symmetrically between the two PBCH OFDM symbols. The NR SS block would consist of NR PSS, first OFDM symbol of NR PBCH, NR SSS, and second OFDM symbol of NR PBCH.


4. Reducing Number of Occupied Subcarriers for NR PBCH
The subcarrier spacing for NR PBCH can be different from that of control and data channel has are being utilized by the gNB. Furthermore, the time/frequency resources of NR PBCH must be shared with control and data channels, either by means of rate-matching or puncturing. When signals with different subcarriers spacing is being multiplexed in frequency domain, it may lead to non-orthogonal signal multiplexing, due to non-zero crossing at subcarrier frequencies, and may require additional guard subcarriers and possibly some filtering to suppress inter-subcarrier interference. The NR PSS and SSS signals has 8 and 9 subcarriers as guard subcarriers exactly for this purpose.
According to RAN 4 investigation of minimum system bandwidth for below 6 GHz and above 6 GHz, there is chance that only 15 kHz subcarrier spacing (SCS) and 120 kHz SCS will be used for below 6 GHz and above 6 GHz, respectively. Since use of 30 kHz for frequency ranges 3 ~ 6 GHz provide better protection for additional residual frequency offset and Doppler effects, it is highly likely that the SCS for control/data and NR SS block will is be different.
To provide similar protection for potential inter-subcarrier interference suppression and to allow efficient filtering of SS blocks at the receiver for processing, we propose to reduce the number of occupied subcarriers per OFDM symbol for NR PBCH. To provide similar number of guard tones as NR PSS and SSS, we propose that NR PBCH is sent over 272 subcarriers, leaving 8 guard tones on either side. An illustrative figure showing subcarrier mapping for NR PBCH is shown in Figure 2.
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[bookmark: _Ref485632573]Figure 12. Proposed NR PBCH subcarrier mapping
Proposal 5:
· NR PBCH occupies [272 or 271] subcarriers within 24 PRBs, with 8 zero powered subcarriers on the lowest frequency within 24 PRBs as guard subcarriers, and [8 or 9] zero powered subcarriers on the highest frequency within 24 PRBs as guard subcarriers.
· Down select between [272 or 271] subcarriers.

5. Summary
In this section, all the proposals made are listed:
Proposal 1:
· Density for NR PBCH DMRS is selected from either 1/3 or 1/4

Proposal 2:
· Non-uniform DMRS RE pattern is considered if time index signaling is conveyed through DMRS sequences. 

Proposal 3:
·  NR should support Alt 1 for PBCH RE mapping rules.
· 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.
Proposal 4:
· For NR SS block composition, use Option 3 where NR SSS is located symmetrically between the two PBCH OFDM symbols. The NR SS block would consist of NR PSS, first OFDM symbol of NR PBCH, NR SSS, and second OFDM symbol of NR PBCH.

Proposal 5:
· NR PBCH occupies [272 or 271] subcarriers within 24 PRBs, with 8 zero powered subcarriers on the lowest frequency within 24 PRBs as guard subcarriers, and [8 or 9] zero powered subcarriers on the highest frequency within 24 PRBs as guard subcarriers.
· Down select between [272 or 271] subcarriers.
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Appendix – Simulation Assumptions

Table 1. Link Level Simulation Parameters
	Simulation Parameters
	Values

	Channel Model
	CDL-C, 100ns RMS delay spread

	Coding Scheme
	Polar Code
List 8 SC decoder
Bit Sequence based on [2]
Random interleaving of encoded bits.
circular buffer rate matching for extension
natural bit ordered type 1 rate matching for puncturing/shortening
PC Base Matrix size 512

	Modulation
	QPSK

	Number of subcarriers for PBCH
	288

	Number of OFDM symbols for PBCH
	2

	DMRS
	Uniform density across all OFDM symbol
1/3, 1/4, and 1/6 overhead

	Test PBCH Payload (including CRC)
	64 bits, 72 bits

	CRC length
	19 bits

	Channel Estimation
	MMSE based channel estimation

	UE mobility
	3 km/hr and 120 km/hr
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