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1. [bookmark: _Ref490137728]Introduction
This contribution provides our PBCH design considerations for DMRS, scrambling codes and 5ms timing boundary signalling. RAN1#89ah made the following agreements and assumptions on the PBCH design:
	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

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.



2. [bookmark: _Ref489355562]PBCH DMRS sequence
This section presents our design views on DMRS sequence and DMRS RE mapping. The PBCH DMRS performance analysis is provided in Section 4.
2.1. [bookmark: _Hlk484781379]PBCH DMRS sequence

The reference-signal sequence  for synchronization signal block index  within a synchronization signal burst set is defined by






The pseudo-random sequence  is defined by a length-31 Gold sequence. The output sequence  of length, where, is defined by 




where and the first m-sequence shall be initialized with. The second m-sequence shall be initialized by . The factors (, 580) are selected to optimize the intra-cell cross-correlation.
[bookmark: _Hlk490206778]We think that DMRS sequence should be constructed from the PN sequence that is common for all reference signals and scrambling code generation as being done in LTE. The PN sequence generation might depend on the physical cell ID (10 bits), RNTI (16 bits) and slot index within a 10ms radio frame (7 bits with 120kHz sub-carrier spacing). If cell ID, RNTI and slot index are used for PN sequence generation (e.g., for PDSCH scrambling code generation), it might require up to 33 bits. We could still achieve 31 bits as in LTE PN sequence generation by having some modulo operation on the slot index. However, whether the slot index should be part of the scrambling or not could be debatable for NR. Our view is that the data packet generation including scrambling is independent of slot index. One use case is when we want to hold on the transmission due to various reasons: unlicensed operation is one example. More specifically, when there is a LBT failure, the transmitter could hold on the packet and transmit later. Another view is that reusing LTE PN sequence generation for NR could provide a generator shared across LTE and NR; making implementation more efficient.

Proposal 1: PBCH DMRS sequence is a QPSK-modulated LTE PN sequence initialized by . 

2.2. PBCH DMRS RE mapping



Figure 1 illustrates PBCH DMRS mapping with frequency first (from lowest frequency to highest frequency in PBCH BW) and time second. More specifically, for each transmitted synchronization signal block index b, the reference signal sequence  shall be mapped to complex-valued modulation symbols  used as reference symbols in OFDM symbol  according to 

where




where the subcarrier index  and symbol index are the first frequency and first symbol index of the synchronization signal block, respectively.
[image: ]
[bookmark: _Ref489356467]Figure 1. PBCH DMRS RE mapping
Proposal 2: PBCH DMRS is mapped with an order of frequency first (from lowest frequency to highest frequency in PBCH BW) and time second. Furthermore, the mapping is PCI-dependent.
3. PBCH scrambling and 5ms timing signaling
Two aspects of PBCH scrambling design are the code design and the information it is carried. In principle, the PBCH scrambling for NR is identical to that for LTE. More specifically,
· The scrambling code is QPSK-modulated PN code reusing LTE PN code as presented in Section 2. The PN sequence generator is initialized by the physical cell ID only. In addition, the length of the code is a function of the number of REs for PBCH payload within a SS burst set.
· The PBCH scrambling codes carry two bits  of 10 bits SFN  to indicate the 20ms timing boundary. The rest of SFN bits are transmitted as a part of PBCH payload. There are proposals from companies to signal 3 bits   for indicating 10ms timing boundary while the rest of SFN bits are transmitted as a part of PBCH payload, which may allow UE to soft-combine PBCH over 10ms PBCH transmission. However, it should be noted that the agreed SS burst set periodicity is 20ms for initial acquisition, such 10ms PBCH soft-combining may not be possible. Nevertheless, UE can soft combine blocks 10ms apart without any blind decodes resulting from the inclusion of bit  in payload, because the bit-diffence (xor) of bit  in the two PBCHs 10ms apart is always 1. UE can hypothesize on bit difference and combine rather than hypothesizing on absolute value of the bit. As the result, signaling two bits  is sufficient. In addition, UE has to hypothesize 8 hypotheses on scrambling to detect such 3 bits of SFN, which is costlier than signaling two bits  only.
Proposal 3: The PBCH scrambling code is QPSK-modulated LTE PN code initialized by the physical cell ID. In addition, the code length is a function of the number of PBCH REs within a SS burst set.  
Proposal 4: The PBCH scrambling code carries two bits  of 10 bits SFN  to indicate the 20ms timing boundary. 
From 5ms timing signaling aspect, we propose to send 5ms timing boundary in the PBCH payload as discussed in [1]. 
Proposal 5: The PBCH payload carries the 5ms timing boundary.
4. [bookmark: _Ref489358682]PBCH DMRS performance
The simulations follow assumptions in [4]. An exception is that instead of using TBCC 1/3 as channel coding, we use Polar coding as agreed in RAN1#89. Furthermore, the PBCH payload is 56 bits including 19 CRC bits as discussed in [1]. The Polar code length is 512 with list decoding size of 8 and the Polar codeword is punctured to rate-match the available PBCH resource elements. Other simulation configurations include:
· Single cell and CDL-C 100ns
· 2 transmit antennas and 2 receive antennas
· Timing and frequency offsets are perfectly known to UE

4.1. DMRS sequence proposals

There are two main DMRS sequence design approaches submitted in reflector [2]. The first approach is based on long PN Gold codes with initialization summarized in Table 1 ( assuming 3 LSBs of SSB index is conveyed via DMRS) and the second approach is based on short PN Gold sequence of either order-7 or order-8 with the SSB index signaling by component m-sequence cyclic shifts or initialization as summarized in Table 1. From DMRS sequence modulation aspects, either BPSK or QPSK has been proposed.
[bookmark: _Ref489360586]Table 1: Long order-31 PN Gold code initialization
	Company
	Initialization
	Notes

	QCOM
	
	

	Vivo, Intel Opt. 1
	+
	

	LGE
	
	 is 5ms HF

	CATT
	  (CATT1)    
Or          (CATT2)
	

	Huawei
	
	

	ZTE
	Type I: 
Type II:  
	Type I is the RS to support coherent detection of Type II

	Sony
	Type I: 
Type II: 
	


[bookmark: _Ref490054866]Table 2: Short PN Gold code
	Order-7 m sequences
	Order-8 m sequences

	Samsung Opt. 1 (initialization), 
DCM Opt. 1 (cyclic shifts), 
Intel Opt. 2 (cyclic shifts), 
MediaTek (initialization)
	Samsung Opt.2 (initialization) 
DCM Opt. 2 (cyclic shifts)




4.2. DMRS sequence performance metrics
It is desirable to discuss the performance metric before we compare the different sequence proposals. From sequence detection aspects, a coherent sequence detector could simply find the sequence from a list of candidate sequences  that minimizes the distance to the sequence  observed by the detector, e.g.,

Equivalently, the detector finds the sequence that maximizes the real part of the cross-correlation with the observed sequence. As the result, the real part of the cross-correlation should be used as a metric when using a coherent detector. Another possible detector is the non-coherent detector (aka energy detector) in which the absolute value of the cross-correlation is used as a detection metric e.g.,

As we showed in [3] that the performance of the coherent detection (possible by using SSS) provides dominant contribution to the overall DMRS detection performance. On the other word, having the non-coherent detection only makes DMRS detection performance not good at all and carrying 2 or 3 bits in DMRS is not reliable. Clearly, it might not be easy to find a trade-off metric in terms of cross-correlation to reflect the actual DMRS detection performance. As a result, the most reasonable metric to compare the design proposals should be the actual DMRS miss-detection performance.
4.3. [bookmark: _Ref490136319]DMRS sequence performance
This section provides the cross-correlation properties as well as multi-cell DMRS detection performance of some selected DMRS sequences. When computing the cross-correlation, we computed the real part of the correlation assuming coherent DMRS detection.
· LTE PN sequence vs. short PN sequence
· Figure 2 plots the cdf of the maximum cross-correlation between DMRS sequences constructed from QPSK-modulated long PN sequences. It shows that our proposal achieves the smallest maximum cross-correlation for both intra-cell and inter-cell. The maximum cross-correlation between DMRS sequences constructed from BPSK-modulated short PN sequences (Samsung Opt. 2 and DCM Opt. 2) is summarized in Table 2. It is shown that our proposal could achieve the smallest maximum cross-correlation when comparing with the short sequences under study. In addition, we observed that Samsung Opt.2 has the better cross-correlation across two short sequences. To further confirm the DMRS sequence performance, we performed multi-cell simulations for our proposal, CATT1 and Samsung Opt. 2 as provided in Figure 3. It shows that our proposal achieves the best performance (~1dB gain) while CATT1 and Samsung Opt. 2 have comparable performance. 

· DMRS sequence modulation: QPSK vs. BPSK
· From DMRS modulation aspects, we performed multi-cell link simulations to study the performance of our DMRS sequence proposal under BPSK and QPSK modulation. Such performance comparison is provided in Figure 4. It shows that for a given long PN sequence, QPSK performs ~1dB better than BPSK. 

[image: A screenshot of a cell phone

Description generated with very high confidence]
[bookmark: _Ref490054768]Figure 2: Maximum normalized cross-correlation of long LTE PN sequences
Table 3: Normalized cross-correlation of short PN sequences
	Design
	Max intra-cell
	Max inter-cell

	
	50%
	99%
	max
	50%
	99%
	max

	QCOM
	0.13
	0.13
	0.13
	0.08
	0.18
	0.26

	Samsung Opt. 2
	0.14
	0.22
	0.22
	0.18
	0.25
	0.25

	DCM Opt. 2
	0.17
	0.26
	0.29
	0.21
	0.26
	0.29



[image: A close up of a map
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[bookmark: _Ref490055586]Figure 3: Multi-cell DMRS detection performance 
[image: A close up of a map
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(a) Normalized cross-correlation                                        (b) Multi-cell DMRS miss-detection
[bookmark: _Ref490055827]Figure 4: DMRS sequence performance with BPSK and QPSK
5. Conclusions
This contribution provides PBCH design considerations for DMRS, scrambling codes and 5ms timing boundary signalling. More specifically, the following proposals have been made:
Proposal 1: PBCH DMRS sequence is a QPSK-modulated LTE PN sequence initialized by . 
Proposal 2: PBCH DMRS is mapped with an order of frequency first (from lowest frequency to highest frequency in PBCH BW) and time second. Furthermore, the mapping is PCI-dependent.
Proposal 3: The PBCH scrambling code is QPSK-modulated LTE PN code initialized by the physical cell ID. In addition, the code length is a function of the number of PBCH REs within a SS burst set.  
Proposal 4: The PBCH scrambling code carries two bits  of 10 bits SFN  to indicate the 20ms timing boundary. 
Proposal 5: The PBCH payload carries 5ms timing boundary.
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