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1 [bookmark: _Ref498699585]Introduction
This contribution is a revision of R1-1719608.

In RAN1#90, the following agreement was reached:
Agreements:
· 1st scrambling, initialization based on Cell ID and a part of SFN, is applied to PBCH payload excluding SS block index, half radio frame (if present) and the part of SFN prior to CRC attachment and encoding process
· The part of SFN is one the following, (to be selected by NR AH3)
· 3 LSB bits of SFN
· 2nd and 3rd LSB bits of SFN
· FFS: half radio frame index as part of the initialization of the 1st scrambling
· FFS: whether or not half radio frame index is a part of PBCH payload
· FFS: whether or not 2nd scrambling, initialization based on cell ID only, is applied to encoded PBCH bits in a SS block
Agreements:
· SS block time locations are indexed from 0 to L-1 in increasing order within a half radio frame according to the agreed SS burst set composition
· For the case of L = 8 or L = 64, 3 LSBs of SS block time index are indicated by 8 different PBCH-DMRS sequences {a_0,…, a_7}
· For the case of L = 4, 2 LSBs of SS block time index are indicated by 4 different PBCH-DMRS sequences {b_0,…, b_3} 
· One remaining bit out of 3 LSBs is set to 0 and not transmitted by PBCH
· {a_0,…,a_3} are same with {b_0, …, b_3} for a given cell ID


[bookmark: _Toc496730195]In RAN1 NR AdHoc #3, the following agreement was reached:
Agreements:
· The 1st PBCH scrambling is a Gold sequence initialized by cell ID. The 2nd and 3rd LSBs of SFN are used for determining a sequential non-overlapping portion of the sequence.
· Generate a Gold sequence of length 4M where M is the number of bits to be scrambled
· Partition the generated sequence into 4 non-overlapping portions
· The 2nd and 3rd LSBs uniquely identify indices of each of the non-overlapping portion of the sequence
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In RAN1#90bis, the following agreement was reached:
Agreements:
· The 2nd PBCH scrambling is a Gold sequence initialized by cell ID. 
· C_init = [NCell_ID]
· The X LSB bits of SS block index are used to determine a sequential non-overlapping portion of the sequence.
· Generate a Gold sequence of length (2^X)*M where M is the number of bits to be scrambled
· Partition the generated sequence into 2^X non-overlapping portions
· X LSB bits of SS block index uniquely identify indices of each of the non-overlapping portion of the sequence
· X = 2 for max L=4, i.e., 1st and 2nd LSB bits of SS block index.
· X = 3 for max L=8 or 64, i.e., 1st, 2nd and 3rd LSB bits of SS block index
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Agreements:
· (working assumption) NR-PBCH has a payload size of 56 bits (including CRC)
· 10-bit SFN is carried by NR-PBCH
Agreements:
· One-bit half frame indication is part of PBCH payload, and when CSI-RS for measurement has a periodicity of 20ms or larger, the UE assumes the network is “synchronous” for the purpose of measurement
· For 3GHz and below, half frame indication is further implicitly signaled as part of PBCH DMRS for max L=4


From the agreements listed above, one can conclude that PBCH payload contains the following fields shown in Table 1.  The values in these fields may or may not change 
· between adjacent SS blocks within a SS burst; or
· between corresponding SS blocks across adjacent SS burst,
as illustrated in the table.  A more comprehensive list of all fields of PBCH payload can be found in 1.[1].

[bookmark: _Ref498704188]Table 1. Variability of PBCH fields within a PBCH TTI
	PBCH Fields
	Number of bits
	Same within SS Burst
	Same across SS Bursts
	1st PBCH Scrambling Applied

	SS block index
(1st, 2nd, 3rd MSBs 
for freq ≥ 6GHz; 
reserved otherwise)
	3 
	
	
	

	SFN 
(2nd, 3rd LSBs)
	2
	
	
	

	SFN 
(1st LSB)
	1
	
	
	

	SFN 
(4th,5th, ...,10th LSBs)
	7
	
	
	

	Half frame index
	1
	
	
	

	Other fields 
	18
	
	
	

	CRC
	24
	
	
	

	TOTAL
	56
	


	
In this contribution, we compare the polar-code performance of different arrangements of these PBCH fields.
2 [bookmark: _Ref178064866]Discussion
2.1 Soft Combining 
Soft combining of two or more SS/PBCH blocks is often necessary to achieve adequate network coverage for the broadcast channel.  The arrangement of different fields, known or unknown, in PBCH is crucial in determining how efficient soft-combining can be performed at UEs.  Two types of soft combining can be performed at UE, 
1. combining LLRs from adjacent SS blocks within a SS burst, or 
2. combining LLRs from corresponding SS blocks across adjacent SS bursts.
2.2 PBCH Block Generation
The steps in the generation of SS/PBCH blocks are illustrated in Figure 1. There are two scrambling operations performed for PBCH, one performed before adding CRC and polar encoding while the other performed after polar encoding on modulation symbols.  
The 2nd scrambling sequence depends on the cell-ID and 3 LSBs of SS/PBCK block index, which can be determined by the decoder through PSS/SSS and PBCH-DMRS before the start of polar decoding.  
The 1st scrambling depends on the 2nd and 3rd LSBs of the system frame number (SFN).  Since these bits can change from one SS burst to another and may be unknown by the decoder before the start of polar decoding, the change of these bits needs to be compensated for before soft combining if the decoder wants to performance soft LLR combining across adjacent SS bursts.



[bookmark: _Ref498694351][bookmark: _Ref498694047]Figure 1.	Summary of PBCH Generation
To perform intra-burst soft combining of adjacent SS blocks, the receiver needs to know the SS block index and compensate for its change from one block to another. For sub-6GHz frequency bands, the SS block index can be derived from the PBCH-DMRS sequence per agreements listed in Section 1.  For frequency bands above 6 GHz, the 3 MSBs of SS block index are carried by the PBCH payload.  These bits may need to be hypothesized if the decoder wants to performance soft LLR combining adjacent SS blocks.
As summarized in Table 1, besides values of CRC bits, the fields that may not be the same in corresponding SS blocks across adjacent SS burst are the trio of 1st, 2nd and 3rd bits of SFN and the half frame index (when SS burst period is 5 ms), while the field that may not be the same in adjacent SS blocks within a SS burst is the SS block index.  Hence, for inter-burst and intra-burst soft combining of SS blocks, the LLRs in these fields, along with CRC, need to be compensated before soft-combining.
2.3 PBCH Field Arrangement
2.3.1 [bookmark: _GoBack]  Arrangement #1
From the above discussion, one of our proposed arrangement of PBCH fields is shown in Figure 2.  The fields that may need to be compensated for before soft combining are placed in front of the ordering.  The rest of the bits that tend to stay the same over different SS blocks are placed at the end of the ordering.  The specific ordering may be based on reliability or decoding order as to be investigated in the next section.
The 1-bit half radio frame index, the 2nd and 3rd LSBs of SFN and 3 MSBs of SS block index, are not affected by the 1st scrambling and are placed adjacent to each other.  The 1-bit half radio frame index may change between adjacent SS burst if the SS burst period is 5 ms.  It is placed before the SS block index since it be derived from PBCH-DMRS and is thus known for sub-3GHz bands.



[bookmark: _Ref498705054][bookmark: _Ref498725801]Figure 2.	Arrangement #1 of PBCH Fields 
(indicated below arrow is the order at which each timing bit is decoded)
Since the 3 MSBs of SS block index only vary from one SS block to another for frequency bands above 6 GHz, they are placed after the 2nd and 3rd LSBs of SFN and the half frame index.  For sub-6GHz bands, the 3 positions of the 3 MSBs are reserved for other payload which is assumed to be the same among all SS blocks.  The placement of the 2nd and 3rd LSBs of SFN in the beginning of the ordering facilitates the inter-burst soft combining for any frequency bands to ensure adequate network coverage for PBCH broadcasting.
2.3.2   Arrangement #2
As pointed out in 1.[4] and 1.[5], it is often desirable to be able to decode SS block index early without decoding the rest of the PBCH payload.  With this in mind, we propose modifying Arrangement #1 by extracting the 3 MSBs of SS block index and put them in the beginning positions during successive decoding.  The rest of the bits other than the SS block index are placed according to the reliability order.  This kind of mixed ordering is illustrated in Figure 3.  
Note that in this arrangement, all the 14 timing bits (SS block index, SFN, Half-frame indicator) still reside on the 14 least reliable positions like Arrangement #1.  Their difference is only on the reordering of the timing bits within these 14 least reliable positions.  In contrast, if 4 bits (e.g. 3 bits of SSB index plus half frame indicator) are moved to front in SC decoding, then one of the 14 timing bits would take up a much more reliable bit position that otherwise could be used for another PBCH payload bit.



[bookmark: _Ref499585986][bookmark: _Ref499585967]Figure 3.	Arrangement #2 of PBCH Fields 
(indicated below arrow is the order at which each timing bit is decoded)

3 Simulations
3.1 Setup
Simulations were conducted for PBCH decoding with two soft-combining options:
Option A:  	Inter-burst soft combining of 2 corresponding SS blocks across 2 SS bursts
Option B:  	Intra-burst soft combining of 2 adjacent SS blocks over 2 adjacent bursts for a total of 4-block soft combining
Option C:  	Intra-burst soft combining of 2 adjacent SS blocks within a burst.
These options are illustrated in Figure 4.  Option A, for example, simulates the performance when UE tries to decode PBCH during initial access using the default SS burst periodicity of 20 ms.  Option B simulates, for example, the performance when UE tries to decode PBCH in frequency bands above 6 GHz using a configured periodicity of 5 ms by combining 4 SS blocks across 2 SS bursts, while Option C simulates the case when the UE only tries to combine over 2 adjacent SS blocks within a burst.


[bookmark: _Ref498713995][bookmark: _Ref498713991]Figure 4.	Soft Combining of PBCH Blocks
Three different ways of ordering bits when loading them at the polar encoder input according to the Arrangement #1 in Figure 2 and the Arrangement #2 in Figure 3 are investigated:
i) Decoding ordering:  Figure 2 specifies the order of decoded bits with left-most bit being the one decoded first
ii) Reliability ordering: Figure 2 specifies the reliability order of bits with left-most bit being the least reliable one
iii) Mixed ordering:  3 MSBs of SS block index are placed in the beginning in the decoding order while the rest of the bits are placed based on the reliability order as illustrated in Figure 3. 
The following two types of decoding algorithms are considered.  In both cases, the SCL decoder first compensates LLRs from different SS blocks according hypothesized bit values before soft combining.
0. Normal (reference):
SCL decoder detects all bits, including those at hypothesized locations, as normal without using bits at hypothesized locations as frozen bits or as check bits for early error detection.
1. Performance-driven:  
SCL decoder uses the bits at hypothesized locations as frozen bits to enhance error correction performance.
2. Early-termination-driven:  
SCL decoder detects all bits, including those at hypothesized locations and uses them as check bits to terminate decoding early when the decoded bit values in all path candidates differ from the expected bit values at any one of the hypothesized bit locations.
For Option A, a total of 2 bits, the 2nd and 3rd LSBs of SFN, are hypothesized before soft combining 2 adjacent SS blocks.  For Option B, a total of 6 bits, the 2nd and 3rd LSBs of SFN, the 3 MSBs of SS block index, and the half frame index, are hypothesized before soft combining 4 SS blocks, 2 from each of the two adjacent bursts.

3.1.1   Parameters
As agreed, the same Polar code construction used for DCI should be used for NR-PBCH. Hence, the tested Polar code construction uses the distributed CRC with an associated interleaver, the same as for DCI. The following simulation assumptions are applied in evaluating the performance with carrying the time index as information bits:
· PBCH payload size of CRC: 56 bits
· Code word size is M = 864 bits,
· M = 9 (9 usable REs after excluding DMRS) * 24 (#PRB) * 2 (2 OFDM symbols) * 2 (QPSK) = 864 bits
· Polar code size DL: Mother code Nmax= 512 bits.
· SCL list size L = 8;
· Distributed CRC with associated interleaver, same as that of DCI; The decoder can utilize the distributed CRC for early termination of PBCH decoding, if desired; 
· CRC24:
· Polynomial: 0x1b2b117 [D24 + D23 + D21 + D20 + D17 + D15 + D13 + D12 + D8 + D4 + D2 + D + 1]
· Length-224 Interleaver for Kmax = 200 bits with CRC24, as in TS 38.212 v1.0.0: 
[0, 2, 3, 5, 6, 8, 11, 12, 13, 16, 19, 20, 22, 24, 28, 32, 33, 35, 37, 38, 39, 40, 41, 42, 44, 46, 47, 49, 50, 54, 55, 57, 59, 60, 62, 64, 67, 69, 74, 79, 80, 84, 85, 86, 88, 91, 94, 102, 105, 109, 110, 111, 113, 114, 116, 118, 119, 121, 122, 125, 126, 127, 129, 130, 131, 132, 136, 137, 141, 142, 143, 147, 148, 149, 151, 153, 155, 158, 161, 164, 166, 168, 170, 171, 173, 175, 178, 179, 180, 182, 183, 186, 187, 189, 192, 194, 198, 199, 200, 1, 4, 7, 9, 14, 17, 21, 23, 25, 29, 34, 36, 43, 45, 48, 51, 56, 58, 61, 63, 65, 68, 70, 75, 81, 87, 89, 92, 95, 103, 106, 112, 115, 117, 120, 123, 128, 133, 138, 144, 150, 152, 154, 156, 159, 162, 165, 167, 169, 172, 174, 176, 181, 184, 188, 190, 193, 195, 201, 10, 15, 18, 26, 30, 52, 66, 71, 76, 82, 90, 93, 96, 104, 107, 124, 134, 139, 145, 157, 160, 163, 177, 185, 191, 196, 202, 27, 31, 53, 72, 77, 83, 97, 108, 135, 140, 146, 197, 203, 73, 78, 98, 204, 99, 205, 100, 206, 101, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223]

The interleaver above is used to derive the specific CRC interleaver for K=56 input bits by keeping only the 56 indices with highest value and subtracting the remaining indices by (Kmax – 56).

3.2 Results
Two kinds of performance are obtained, namely block error rate and relative decoding time of different combinations of soft-combining, decoder, and ordering options.
3.2.1   Block Error Rate
Figure 5 shows the BLER performance of Arrangement #1 with different combinations of decoder algorithms and ways of ordering the PBCH payload for soft-combining 2 SS block across 2 adjacent SS bursts (Option A).  In this case, there is little difference between reliability ordering and decoding ordering.  As expected, since bits at the hypothesized locations are also detected by the ET-driven SCL decoder, the effective code rate increases, compared to the decoding algorithm that uses these bits as frozen bits, and consequently, a small performance loss is incurred.
Figure 6 shows the BLER performance of Arrangement #1 with different combinations of decoder algorithms and ways of ordering the PBCH payload for soft-combining 2 adjacent SS block over 2 adjacent SS bursts for a total of 4 SS blocks (Option B).  In this case, the reliability ordering, according to the arrangement in Figure 2, significantly outperforms (about 0.2 dB)  the decoding ordering.
[bookmark: _Hlk498728504]
Observation 1 For the PBCH payload Arrangement #1 shown in Figure 2,  reliability ordering of the PBCH payload outperforms decoding ordering especially when the number of soft combing SS blocks increases.
Observation 2 Using the bits in the hypothesized locations as frozen bits can significantly enhance the error correcting performance especially when the number of soft combing SS blocks increases.
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[bookmark: _Ref498725061]Figure 5.	BLER Performance of Arrangement #1 with 2-block Inter-Burst Soft-Combining 
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[bookmark: _Ref498725531]Figure 6.	BLER Performance of Arrangement #1 with 4-block Soft-Combining 
(2-block Intra-burst over 2 Bursts)
Figure 7 compares the BLER performance of Arrangement #2 with that of Arrangement #1 using different combinations of decoder algorithms for soft-combining 2 SS block within one SS burst (Option C).  In this case, the mixed ordering in Arrangement #2 perform nearly identical with the reliability ordering based on Arrangement #1 for either performance-driven or ET-driven decoder.
Figure 8 compares the BLER performance of Arrangement #1 with that of Arrangement #1 using different combinations of decoder algorithms for soft-combining 2 adjacent SS block over 2 adjacent SS bursts for a total of 4 SS blocks (Option B).  Again, the mixed ordering in Arrangement #2 perform nearly identical with the reliability ordering based on Arrangement #1 for either performance-driven or ET-driven decoder.

Observation 3 The PBCH payload Arrangement #1 with reliability ordering shown in Figure 2 yields nearly identical BLER performance as that of Arrangement #2 with mixed ordering shown in Figure 3.  

[image: ]
[bookmark: _Ref499591088]Figure 7.	BLER Performance Comparison of Arrangement #1 and #2 with 2-block Intra-Burst Soft-Combining 
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[bookmark: _Ref499591099]Figure 8.	BLER Performance Comparison of Arrangement #1 and #2 with 4-block Soft-Combining (2-block Intra-burst over 2 Bursts)

3.2.2   Relative Decoding Time
Figure 9 shows the relative decoding times of different combinations of decoder algorithms and ways of ordering the PBCH payload for soft-combining 2 SS block across 2 adjacent SS bursts (Option A).  In this case, there is little difference between reliability ordering and decoding ordering when the performance-driven decoding algorithm is used.  When ET-driven decoding algorithm is used, however, decoding ordering of payload can substantially increase the chance of early termination and thus significantly reduce the decoding time.
Figure 10 shows the relative decoding time of different combinations of decoder algorithms and ways of ordering the PBCH payload for soft-combining 2 adjacent SS block over 2 adjacent SS bursts for a total of 4 SS blocks (Option B).  In this case, the decoding ordering, according to the arrangement in Figure 2, yields significantly smaller relative decoding time than the reliability ordering, when ET-driven decoding algorithm is used.  The reduction in decoding time when performance-driven decoding algorithm is used remains insignificant.
[image: ]
[bookmark: _Ref498726421]Figure 9.	Relative Decoding-Time with 2-block Inter-Burst Soft-Combining 

Observation 4 For the PBCH payload Arrangement #1 shown in Figure 2,  decoding ordering of the PBCH payload yields significantly lower relative decoding time than the reliability ordering.
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[bookmark: _Ref498727146]Figure 10.	Relative Decoding-Time with 4-block Soft-Combining 
(2-block Intra-burst over 2 Bursts)
Figure 11 compares the relative decoding times of Arrangement #2 with that of Arrangement #1 using different combinations of decoder algorithms and ways of ordering the PBCH payload for soft-combining 2 SS block within a SS burst (Option C).  In this case, the mixed ordering in Arrangement #2 performs nearly identical as the reliability ordering based on Arrangement #1 for both the performance-driven and the ET-driven decoder.  Only the decoding ordering of payload fields in Arrangement #1 with ET-driven decoder yields lower relative decoding time.  
Figure 12 compares the relative decoding time of Arrangement #2 with that of Arrangement #1 using different combinations of decoder algorithms for soft-combining 2 adjacent SS block over 2 adjacent SS bursts for a total of 4 SS blocks (Option B).  Again, the mixed ordering in Arrangement #2 performs nearly identical as the reliability ordering based on Arrangement #1 for both the performance-driven and the ET-driven decoder.  


Observation 5 [bookmark: _Hlk499593674]The PBCH payload Arrangement #1 shown in Figure 2 based on reliability ordering yields nearly the same identical relative decoding time as Arrangement #2 shown in Figure 3 based on the reliability ordering for both performance-driven and ET-driven decoder.
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[bookmark: _Ref499592522]Figure 11.	Comparison of Relative Decoding-Time of Arrangement #1 and #2 with 2-block Inter-Burst Soft-Combining 
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[bookmark: _Ref499592540]Figure 12.	Comparison of Relative Decoding-Time of Arrangement #1 and #2 with 4-block Soft-Combining (2-block Intra-burst over 2 Bursts)

3.2.3   Further Discussion
Since BLER performance directly affects the coverage of PBCH, we propose to arrange the payload fields according to Figure 2 based on reliability ordering, even though decoding time can be reduce significantly using a ET-driven decoding algorithm with decoding ordering of PBCH fields.


1. Arrange PBCH payload fields according to that described in Figure 2 based on reliability ordering of bits or to that described in Figure 3 based on mixed ordering of bits.

4 Conclusions
In this contribution, based on the above discussion, we made the following observations:

Observation 1 For the PBCH payload Arrangement #1 shown in Figure 2,  reliability ordering of the PBCH payload outperforms decoding ordering especially when the number of soft combing SS blocks increases.
Observation 2 Using the bits in the hypothesized locations as frozen bits can significantly enhance the error correcting performance especially when the number of soft combing SS blocks increases.

Observation 3 For the PBCH payload Arrangement #1 shown in Figure 2,  decoding ordering of the PBCH payload yields significantly lower relative decoding time than the reliability ordering. 

Observation 4 The PBCH payload Arrangement #1 with reliability ordering shown in Figure 2 yields nearly identical BLER performance as that of Arrangement #2 with mixed ordering shown in Figure 3.

Observation 5 The PBCH payload Arrangement #1 shown in Figure 2 based on reliability ordering yields nearly the same identical relative decoding time as Arrangement #2 shown in Figure 3 based on the reliability ordering for both the performance-driven and the ET-driven decoder.


Based on the discussion in this contribution we propose the following:
1. Arrange PBCH payload fields according to that described in Figure 2 based on reliability ordering of bits or to that described in Figure 3 based on mixed ordering of bits.
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