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1. Introduction
In this contribution, we discuss design aspects of PBCH, including scrambling of PBCH and DMRS sequence generation and mapping onto resource elements within PBCH.

2. DMRS Sequence Generation Rules
There may be multiple methods of sequence generation for a DMRS that is transmitted in a part of the bandwidth. Most notably, LTE CRS-like RS sequence generation (option 1) and LTE Rel-8 DMRS-like sequence generation (option 2).
Option 1 sequence generation is done by taking a truncated sequence from a very large RS sequence that is design to fit the maximum system bandwidth defined in the specification. UE would need knowledge of the central location of the bandwidth, the relative position of the RS with respect to the central location of the bandwidth. Based on those information, UE can figure out the relative position of the RS with respect to the RS sequence generated for the maximum system bandwidth. The used RS sequence would a small portion of the large RS sequence. An example of this approach is shown in Figure 1. The benefits of this method is that the same RS sequence is generated for a particular frequency position regardless of allocated transmission bandwidth. The drawn back of this method is that the UE must be aware of the maximum system bandwidth and the relative position of the RS that is being sent within the maximum system bandwidth.
[image: ]
[bookmark: _Ref485424558]Figure 1. An example of LTE CRS-like RS sequence generation (Option 1)
Option 2 sequence generation is done by generating RS sequence that fits exactly that is design to fit the allocation transmission bandwidth.  UE would only need to know the bandwidth size, as the generated sequence would be identical regardless of frequency position as long as allocated transmission bandwidth is same. An example of this approach is shown in Figure 2. The benefit of this approach would be that only the allocated transmission bandwidth needs to be known in order for the UE to generate RS sequences.
[image: ]
[bookmark: _Ref485424803]Figure 2. An example of LTE Rel-8 DMRS (port 5) like RS sequence generation (Option 2)
	For DMRS of NR PBCH, option 2 is favorable as the frequency location of the SS block within the system bandwidth is not fixed in NR. Since, it would be difficult for the UE to figure out the system bandwidth as well as the relative frequency location of the SS block within the system bandwidth prior to decoding of NR PBCH, it would be difficult to define a RS sequence that requires such information.
Proposal 1:
· Sequences of DMRS of NR PBCH is identical for a cell regardless of frequency position of the SS block within the system bandwidth.
· Sequence of DMRS of NR PBCH is generated based on the occupied DMRS bandwidth.

3. DMRS Sequence Generation and RE Mapping
The DMRS sequence for NR PBCH should have the same generation method with DMRS sequence for NR PDSCH. This is a similar design philosophy in LTE, where LFSR length 31 Gold code was used for all reference signal sequence generation. Different RS sequences would be configured with different initiation parameter and utilized across all RS sequences. This allowed efficient re-use of sequence generation block at the UE for all RS sequences, without need to implement different RS sequence generators for any newly introduced RS in later releases of LTE. We propose the same design be considered for NR.
In order to future proof the RS sequence generator for upcoming releases of NR, we propose to much higher LFSR lengths (or equivalent sequence initiation bitwidth) compared to LTE. LTE utilized 31 bits for initiation of RS sequences. If we utilize similar mechanism for initialization value configuration, the number of bits required for initialization in NR is expected to be larger. Table 1 shows a comparison of PN code initialization between LTE and NR. The values in the table for NR are obviously some guesses based on LTE and are not the final form. 
[bookmark: _Ref489532984]Table 1. Initialization Value comparison for PN code
	
	LTE
	NR (if equations are used directly)

	PUSCH /PDSCH Scrambling
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	CSI-RS
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	Positioning RS
	[image: ]
	[image: ]


From the comparison table, it is clear that due to increased number of slots and increased number of cell IDs result in initialization bit width to be larger than 30. Considering that there may be other parameters that may need to be included in the initialization, e.g. subcarrier spacing, NR may need to consider a larger polynomial order for the PN code. Based on these observations, for NR we propose 63 bits be provided for initiation of PN code.
	It should be noted that if long PN code is used for DMRS sequence, it is quite difficult to optimize cross correlation of the DMRS sequence between cells. However, if a short PN code is used, where the PN code length is similar to the length of the DMRS sequence, it may be possible to optimize the cross correlation results further. The cross correlation may be important since 3 bits of SS block index is to be transmitted via DMRS sequences.
	The PBCH DMRS sequence consists of 3 RE/PRB density, 24 PRBs, and 2 OFDM symbols. This results in sequence length of 288 when QPSK modulation is used. Given that about half of the DMRS sequence could be coherently detected using the NR SSS as the channel estimation source. This means that if PN code used for the PBCH DMRS sequence has a periodicity length of 144, the full periodicity of the sequence could be detected using coherent detection method. Therefore, just for PBCH DMRS using an optimized short PN code could be one alternative. 	The SSS sequence is generated from XOR of two M-sequences. It results in a sequence with periodicity of 127. This seems to have good properties that PBCH DMRS should have for SS block index detection. 
	The following summarizes two alternatives for PBCH DMRS sequence. 
	Sequence generation Option 1



Pseudo-random sequences are defined by a length-63 Gold sequence. The output sequence  of length, where, is defined by 





where  and the first m-sequence shall be initialized with. The initialization of the second m-sequence is determined by initial value, , and computed as


	Sequence generation Option 2



Pseudo-random sequences are defined by a two sequence generated with length-7 LFSR. The output sequence  of length, where, is defined by 




where the first m-sequence shall be initialized with,  the second m-sequence shall be initialized with, and shift values k1 and k2 are determined by part of the SS Block index within the SS burst set and physical cell ID. 

	Sequence generation with Option 1

the UE-specific reference-signal sequence  are QPSK modulated and is defined by

,






where . The pseudo-random sequence  is based on Intel Option 1 defined in section 2 of this contribution. The pseudo-random sequence generator shall be initialised with  at the start of each SS block transmission instance, where   is the value represented by the 3 LSB bits of the SS Block index within the SS Burst Set, and  is the physical cell ID. In case SS Block index within the SS Burst Set only consist of 2 bits,  is the value represented by those 2 bits.
	Sequence generation with Option 2

the UE-specific reference-signal sequence  are QPSK modulated and is defined by

,


where . The pseudo-random sequence  is based on Intel Option 2 defined in section 2 of this contribution. The cyclic shift parameter, k1 and k2, of the pseudo-random sequence generator shall be set with  

,



at the start of each SS block transmission instance, where   is the value represented by the 3 LSB bits of the SS Block index within the SS Burst Set, and  is the physical cell ID. In case SS Block index within the SS Burst Set only consist of 2 bits,  is the value represented by those 2 bits.



[image: ]
Figure 3. PBCH DMRS RE mapping 
	For the DMRS RE mapping, we propose a fix mapping of RE of the DMRS. Although it would be possible to apply cell specific frequency offset shift, vshift, it would only provide benefit if there is power offset between the REs of DMRS and REs of PBCH data. If the frequency offset of DMRS RE is equal to 1 with respect to the edge of the PRB, we can map the DMRS REs on the edge subcarriers of PSS and SSS, which allows the UE to maximize the coherent detection of the DMRS sequences.
	For DMRS sequence generated with a short sequence, it would be beneficial to have a full periodicity of sequence within the PSS/SSS bandwidth. This could be achieved if the DMRS sequence is mapped to REs in time-first manner. Figure 4 and Figure 5 shows the difference between frequency first mapping and time first mapping of DMRS sequence with sequence periodicity of 127. In the time first mapping, the full cycle of the sequence is contained within the PSS/SSS bandwidth.
[image: ]
[bookmark: _Ref489575691]Figure 4. Frequency first mapping of DMRS sequence
[image: ]
[bookmark: _Ref489575693]Figure 5. Time first mapping of DMRS sequence

	Mapping to resource elements with Option 1



In a physical resource block with frequency-domain index  assigned for the corresponding PBCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block, in a subframe according to:




	Mapping to resource elements with Option 2



In a physical resource block with frequency-domain index  assigned for the corresponding PBCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block, in a subframe according to:



,

where is the number of OFDM symbols for PBCH.



	We plan to additionally provide simulation results comparing the two described options in RAN1 #90. 
Proposal 2:
· RAN1 further considers the PBCH DMRS sequence generation based on short sequence based on SSS sequence generator, and length 63 Gold code.

4. PBCH Scrambling
In case of synchronous networks, PBCH transmission from multiple cells could collide. If PBCH transmission from two cells are strongly interfering with each other, soft combining of PBCH transmission could potentially help reduce the impact from interference. However, the time information (consisting of SFN, half radio frame index, SS block index) would be also synchronous, and CRC attachment and encoding process is completely linear, therefore the interference would also change identically along with the PBCH signal to be decoded.
This can be easily seen mathematically. If y(t) is the received signal at time t and h1(t) is the channel of the target signal, h2(t) is the channel of the interfering signal, x1(t) and x2(t) are the target signal and interference signal, and n(t) is the noise at received time t, we can write the following expression: 

.
The relationship between the target signal, x1(t), at time t and time t+τ can be expressed by a linear operation, and can be expressed by multiplication of differential codeword, cτ. This can be expressed as

.
The soft combining of the received signal at time t and time t+1 can be expressed as following:

.
We can see from the soft combined signal that target signal is coherently combined, which should improve the effective SINR of the signal. However, we also see that the interference signal is also somewhat coherently added which causes the interference to increase as well. This interferes with performance improvement that could be achieved from soft combining. This can be mitigated if a time varying scrambling code that is different from cell to cell is applied.
[image: ]
[bookmark: _Ref489633841]Figure 6. Comparison of applying scrambling code after encoding process and prior to encoding process
In LTE, time varying scrambling code is applied by generating a long scrambling code that spans across four transmission instance within the PBCH TTI. The long scrambling code is split into four pieces and multiplied (i.e. modulus 2 addition in the bit domain) to each PBCH transmission instance. This effectively creates a scrambling code that is a function of cell ID and transmission instance (i.e. the 2 LSB bits of the SFN). The problem with approach is that UE is required to perform multiple blind decoding attempts as it does not have the transmission instance index when trying to decode the PBCH.
We can achieve time varying scrambling effect without mandating additional blind decodes at the UE by performing time varying scrambling code prior to encoding process. This would be equivalent to generating a time varying scrambling code that just happens to be a valid codeword of the channel encoder. Since, whether the scrambling code is a valid codeword or not have minimal impact to interference randomization, we can get all the benefits of interference randomization without forcing the UE to perform additional blind decoding attempts. An illustration of two scrambling methods is shown in Figure 6. Additional scrambling based on cell ID could be applied after encoding process to keep the channel coding procedure similar between physical channels, e.g. PDSCH, and PBCH.
The scrambling prior to encoding could be interpreted at the receiver as scrambling after encoding without loss of generality due to linearity of the CRC operations and PC encoding process. Figure 7 show the equivalence of scrambling prior to encoding process and scrambling post encoding process. This is possible because CRC and Polar code encoding process is completely deterministic and linear process. Scrambling code applied to the information prior to encoding can be converted into scrambling code applied after encoding by encoding the scrambling code itself.
[image: ]
[bookmark: _Ref490244569]Figure 7. Equivalence of scrambling prior to encoding and scrambling post encoding
	In single shot detection, when the UE just detects a single SS block from a cell, LTE based scrambling must perform 8 decoding attempts if the lower 3 LSB bits of SFN is implicitly conveyed through the scrambling code of the PBCH (16 if half radio frame is also implicitly signaled).  The 8 decoding attempts are done after descrambling the received PBCH with 8 different scrambling code based on cell ID and LSB of SFN. An example is shown in Figure 8. 
[image: ]
[bookmark: _Ref490238852]Figure 8. Single shot detection of PBCH with LTE based scrambling method
However, for the proposed scrambling method, the scrambling code is applied prior to encoding process, therefore UE simply performs decoding of the PBCH after de-scrambling with a scrambling code based on cell ID. An example is shown in Figure 9.
[image: ]
[bookmark: _Ref490238944]Figure 9. Single shot detection of PBCH with proposed scrambling method
	If single shot detection of PBCH fails, UE can try detection of PBCH after soft combining two PBCH together. For both LTE based scrambling method and proposed scrambling method, UE is required to perform 6 different hypothesis of soft combining and decoding. This is done by de-scrambling the two PBCH received signals with pairs of scrambling code based on Cell ID and LSB SFN. Note that this operation is possible for the proposed scrambling due to linearity of CRC calculation and linearity of the PBCH encoding process. The scrambling code applied prior to encoding process can be equivalently applied to scrambling after encoding process. An example of the soft combined detection of PBCH is shown in Figure 10.
[image: ]
[bookmark: _Ref490239771]Figure 10. Soft combined decoding of two PBCH received signals
	We plan to additionally provide simulation results comparing the two described scrambling methods in RAN1 #90. 
Proposal 3:
· PBCH information payload is scrambled prior to encoding and rate-matching process.
· The scrambling code applied to the PBCH information payload prior to encoding is generated based on at least cell ID and LSB bits of SFN.

5. Conclusions
In this contribution, we discussed design aspects of physical broadcast channel. Our proposals are summarized as below:
Proposal 1:
· Sequences of DMRS of NR PBCH is identical for a cell regardless of frequency position of the SS block within the system bandwidth.
· Sequence of DMRS of NR PBCH is generated based on the occupied DMRS bandwidth.
Proposal 2:
· RAN1 further considers the PBCH DMRS sequence generation based on short sequence based on SSS sequence generator, and length 63 Gold code.
Proposal 3:
· PBCH information payload is scrambled prior to encoding and rate-matching process.
· [bookmark: _GoBack]The scrambling code applied to the PBCH information payload prior to encoding is generated based on at least cell ID and LSB bits of SFN.
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