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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
1st Agreement[1]:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
· Working assumption that the data, including time index if carried by NR-PBCH excluding DMRS, is transmitted explicitly	
· Can be revisited if significant benefit is shown from partial implicit transmission of time index if allowed by the polar code design

[bookmark: OLE_LINK1]2nd Agreements[2]:
· 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}
…

3rd Agreements[2]:
· 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

In this contribution, we will present a polar code design that explicitly transmits the time information on PBCH in accordance with the agreements above. This explicit time information allows one polar SCL decoder and L (list size) CRC check (single decoding trial) to extract the exact time index directly from the decoded bits after a single decoding of one SS block. It allows soft-combining among the received LLR vectors of multiple SS blocks (SSB) and then jointly detection of the time index and MIB with one single decoding trial. This significantly reduces the decoding complexity and lowers the false-alarm-rate (FAR). 
Discussion 
Once the time information is explicitly encoded with the PBCH payload, a decoder can obtain the time information with a single decoding trial if the received signal is good enough. Therefore, this contribution will focus on how to design a polar code for PBCH to allow a soft-combining with a single decoding trial.  
Theory for Designing PBCH
To allow a single decoding trial with soft combination, it was agreed to exclude SS block index (Set-A) from the rest of the PBCH payload (Set-B) which is scrambled. During one SS burst set (transmission of 64 SS bursts), Set B remains the same from one burst to another, whereas the SSB index in Set A keeps rotating from ‘0’ to ‘7’, if 3-bit Set-A is assumed.
Figure 1 illustrates how to support the low complexity soft combination in an explicit way. Set-A and scrambled and CRC-attached Set-B are input into a PBCH channel encoder. Before feeding them into the encoder, a time-index-associated transformation is applied on both Set A and Set B. 

 
[bookmark: _Ref492979031]Figure 1. SSB index is excluded from the rest PBCH payload that is scrambled and CRC attached
The transformation is simple: multiply the information bit vector by a constant matrix . How many times an information bit vector is multiplied by  depends on the content in Set-A.  no multiplication of the information bit vector if SSB index is ‘0’; one multiplication on the information bit vector if SSB index is ‘1’; two multiplications on the information bit vector if SSB index is ‘2’, and so on. As a result, the entire information block becomes associated to SSB index t. 
Both this constant matrix  and the bit positions for Set-A and Set-B are important for a decoder to do one-burst decoding or soft combination. The most restrict criteria is to forbid that Set A bits are affected by the Set-B bits after the transformation, because it needs to be ensured that Set A is only related to the times of being transformed. Figure 2 shows an example of N = 16. Figure 2a shows the bit positions of Set-A (green) and Set-B (red) after the SS block index associated transformation. Figure 2b shows its corresponding transformation matrix : the coloured patches in  indicate ‘1’s and the rests are ‘0’s. Note that red (Set-B) and green (Set-A) patches are exclusive to each other for any column of . 
[image: ][image: ]
(a)                                                                                   (b)
[bookmark: _Ref492393892]Figure 2. An example of N=16 and 2-bit SSB index: Bit Positions and 
Because polar code is a linear code, this linear transformation by multiplying an information bit vector by a constant matrix  can be equivalently obtained by multiplying the coded vector by a constant matrix . [3]. For a given , there is a unique . 
[image: D:\Documents\Polar\Diagrams\Tu_Px.png]
Figure 3. Permutation of the coded bits and Relation between  and .
At the transmitter side, two equivalent alternatives can be used: 
· Alt-1: multiplying the information bit vector by a constant transformation matrix  and then input the transformed vector into Polar encoder;  
· Alt-2: input the information bit vector into Polar encoder first and then multiply the coded vector by a constant matrix . 
The goal is to design  and bit positions of Set-A and Set-B in such a way that the corresponding transformation  on the coded bit domain is a simple permutation or cyclic shift. Since payload and mother code length of PBCH are fixed, the matrix  and bit positions for Set-A and Set-B have to satisfy the following three principles: 
·  is reduced into simple permutation on the coded vector. Only one (set) CRC check is required because the time index can be directly extracted from the decoded information bits. 
· Set A (time-index) bits are placed in bit positions that are not affected by Set B part regardless of how many times the coded vector is permutated by . This ensures that Set A bits can be decoded to retrieve the time index. 
· At least one frozen bit associated to Set-A should be set to ‘1’. If Set A part and all the frozen bits are zeroes, any transformation on zeroes would give zeroes. Setting some frozen bits to 1 is equivalent to do scrambling of the codeword [4], hence a scrambling can be introduced instead of setting the frozen bits to ‘1’.  
	
Design
In this section, we will provide two examples of the PBCH channel code design: one is explicitly transmitting 2-bit SS Block index in Set-A and another is explicitly transmitting 3-bit SS block index in Set-A.
Transmitting 2-bit SS Block Index
In this example, an encoder receives 9 bits information bits that includes 2-bit explicit SS burst index (Set-A) and 7-bit PBCH payload (Set-B), and then encodes them into an N=16 coded vector. The 2-bit SS block index in Set-A would allow a decoder to combine the LLRs vector of up to 4 bursts via one decoding trial. The simplest coded domain permutation () that we found is an N/4 cyclic shifting operation on the coded bits: extracting bits from a circular buffer with a different starting position relative offset is N/4 in Figure 4. The N/4 cyclic shift is also noted as a group-wise permutation pattern [3 0 1 2].
 [image: ]
[bookmark: _Ref492552797]Figure 4. A circular buffer to generate 4 different copies.
The N/4 cyclic shift can be expressed as:  




, , and  codewords are permutated from  for different times by the same . 
The next step is to find a  (which has been shown in Figure 1 and can also be calculated from  via Equation B-2 in Appendix B) and a set of information bit positions that satisfy the three principles in Section 2.1:   
· The information set is , 
· Set A =  is reserved for 2 inserted bits, or say “time index”
· Set B (remaining part of set )  is for the MIB and CRC bits.
· The frozen bit set is 
·  is set ‘1’ 
· The rest is set ‘0’ 
Note that the special frozen bit set ‘1’ will only affect the bits with indices  that are exactly the indices for the 2-bits time index. 
Initializing the time index bits in set  with zeroes for the first copy (), where  is HSB and  is LSB, the values for these two bits will increment naturally after applying a transformation  over the information bits or permutation  over the coded bits, e.g.,
·  (𝟎,𝟎) for t0, 
·  (0,1) for t1,
·  (1,0) for t2, 
· (1,1) for t3, 
The values of time index bits are independent from the scrambled MIB & CRC bits. Note the ‘1’ in special frozen {} is added on Set A  for every transformation, resulting into a set of different time indices, as illustrated in Table 1. 
Table 1 - Time index mapping.
	Time index
	
	

	‘0’
	0
	0

	‘1’
	0
	1

	‘2’
	1
	0

	‘3’
	1
	1


Encoder: 
Assuming the Set-B as (𝟏,1,0,1,0,𝟏,𝟏) and Set-A initialized from (𝟎,𝟎). The alternative-2 (cyclic shifting the coded vector) encoder is as follows: 
[image: ]
Figure 5. Example of transmitting 9-bit information bits (2-bit SS Index) on N=16.
Decoder: 
Soft-combination:
Assume that the decoder receives two consecutive codewords  and  and it has no knowledge of the absolute  value. But a decoder can cyclic shift the  back by  and then sum the two LLR vectors together as shown in Figure 6. Note that  is invertible and  is also a cyclic shifting operation (or a group-wise permutation).    

[image: ]
[bookmark: _Ref489020640]Figure 6. Soft combination.
SCL-Decoding:
When a SCL decoder is used to process the , it will result into L (list size) survival paths  at the end of the SCL decoding. Up to this point, the decoder does not know which path among the L survivors is correct and the value of . 
Joint time index and path detection:
Because tx is explicitly transmitted on the known bit positions, e.g.  in this example, each path   can have its decoded  but its correctness is uncertain. There is a one-to-one mapping between (, ):

 is invertible and sparse matrix. Therefore, we can detect a time-index and list candidate selection jointly as follows: 
1) Check out l-th survival path   
2) Check out from the SS-index bit positions
3) Construct  in term of 
4) Multiple   by  to get 
5) CRC check the Set B part of ; 
· If CRC pass,   and  are correct.
· Otherwise, l = l +1, and  go back to step 1)
Observation-1: The polar specific PBCH code design only needs one SCL decoding trial (one polar SCL decoder and L (list size) CRC check) to support soft-combination. 
For practical payload size and mother code length , the  can be calculated via Equation B-2 in appendix with the  corresponding to the N/4-group-wise permutation pattern [3 0 1 2] (cyclic shift). The Set A bits are selected as . The special frozen bit is , which can be implemented by scrambling the coded bits via the -th row of polar generation matrix .Performance Evaluation: 
To verify the BLER and FAR performance of this PBCH code design, we use the following simulation setup:  N = 512, K = 72,   are 2-bit SS burst index, and  is for the special frozen position 
For the purpose of comparison, we build a reference PBCH code design with Set-A and Set-B parts considered as one payload to be scrambled and with CRC attached. This reference design is labelled as conventional explicit method. 
Figure 7 shows the BLER and FAR performance of the conventional explicit indication and the design with 2 bits described above (polar specific explicit method). For one-shot detection, the polar specific explicit indication method has exactly the same BLER and FAR compared to the conventional explicit method.
[image: D:\Documents\Polar\tmp\TS_4.bmp]
[bookmark: _Ref489020847]Figure 7. BLER and FAR of the conventional and polar specific explicit indication design.
Observation-2: For one-shot detection without soft-combination, the polar specific PBCH code design has same BLER and FAR as conventional explicit method. 
Since both time-index detection and list path selection share a single CRC check, there is no BLER and FAR degradation. In contrast, a conventional explicit indication scheme will have to incur FAR loss due to multiple CRC checks for a soft-combination.

Observation-3: For soft-combination, the polar specific PBCH code design has same BLER and better FAR than conventional explicit method. 

Transmitting 3-bit SS Block Index
The 3-bit SS Block index in Set-A allows a decoder to do the soft-combination over up to 8 codewords. One simple coded-bit domain permutation is to divide a codeword into 16 sub-groups and then permute them by a group-wise permutation  as [15 12 9 10 3 0 5 6 7 4 1 2 11 8 13 14] as shown in Figure 8.

[image: D:\Documents\Polar\Diagrams\Px(8)_.bmp]
[bookmark: _Ref489020944]Figure 8. The scheme of the codeword permutation.
Similar to the 2-bit SS index example above, a  and the bit position set for Set-A and Set-B will be created to have this 16-element permutation . For example, the Set-A needs 4 bits to indicate the 16 elements, which requires mapping 3-bit input SS burst index on a 4-bit Set A.
In the following example, we will transmit 72-bit information payload including 3-bit SS Burst index onto N=512 coded vector. Because Set-A needs one additional bit, the total number of the information payload for channel encoder is K = 73 bits. 
To result into the  pattern above, a  is calculated to from  via the formulas in Appendex B, and a bit position set of Set-A and Set-B are defined below: 
· The information set I is selected based on the polar sequence  
· Set A =   
· Set B (remaining part of set I) is for MIB and CRC bits.
· The frozen bit set F is selected accordingly, and 
·   is set ‘1’ 
· The rest is set ‘0’ 
Next we address how to map 3-bit SS burst index into a 4-bit Set-A. Similar to the 2-bit SS burst index example, the values of Set-A will evolve with every transformation of  or every permutation of  from an all-zero value. One possible rotation pattern is: 
0,0,0,X -> 0,0,1,X -> 0,1,0,X -> 0,1,1,X -> 1,0,0,X -> 1,0,1,X -> 1,1,0,X -> 1,1,1,X -> 0,0,0,X
To have this pattern above, we have to select the value (1 or 0) for ‘X’ to be compatible with  and bit position set of Set-A.  An example of this realization is given in Table 2, in which the bit position u476 is given for X and  are for 3-bit time index where  is LSB and  is HSB.
[bookmark: _Ref492903154]Table 2 – Mapping 3-bit Time index onto 4-bit Set-A
	Time index
	
	
	
	

	‘0’
	0
	0
	0
	0

	‘1’
	0
	0
	1
	0

	‘2’
	0
	1
	0
	0

	‘3’
	0
	1
	1
	1

	‘4’
	1
	0
	0
	0

	‘5’
	1
	0
	1
	0

	‘6’
	1
	1
	0
	0

	‘7’
	1
	1
	1
	1



At the encoder side, the time index value in set  is initialized as zeroes for the first copy (). Then, after applying a transformation  over the information bits or permutation Px over the coded bits
·  (𝟎,𝟎,0,0) for t0  as 
·  (1,0,0,0) for t1 as 
·  (0,1,0,0) for t2 as 
· (1,1,1,0) for t3 as  
·  (𝟎,𝟎,0,1) for t4  as 
·  (1,0,0,1) for t5 as 
·  (0,1,0,1) for t6 as 
· (1,1,1,1) for t7 as  
At the decoder, the 4-bit set  is firstly extracted from every survival path  to determine the estimated   according to the mapping in Table 2. If a mapping to the table cannot be found,  the decoder can simply discard that survival path and consider the next one. 
Figure 9 shows BLER and FAR performance for the conventional explicit indication and the polar specific 3-bits design. For conventional explicit indication scheme info size is K = 72, because it is enough to reserve 3 bits for time index in this case.
 [image: D:\Documents\Polar\tmp\TS_8.bmp]
Figure 9. BLER and FAR of the polar specific explicit indication design.
Set A index and special frozen index depend on payload size of Polar code. Set A index and special frozen index for practical payloads are presented in Table 3.
Table 3 - Set A index and special frozen index for different payload 
	Payload range
	Set A index (for N=512)
	Special frozen index (for N=512)

	40 – 42
	
	

	43 – 51
	
	

	52 – 58
	
	

	59 – 68
	
	

	69 – 74
	
	



For supporting all options: 1, 2, and 3 time index bits transferring can be used with 3 bits time index transferring. For adopting it to usage in 1 or 2 bits scenario, it is only needed to consider pairs ( and ( respectively, and also 3 or 2 last bits from the Set A respectively to use for information transferring (deleted from Set A and added to Set B)
PBCH with Rate-Matching Scheme 
There are 288 subcarriers and 2 OFDM symbols reserved for NR-PBCH [7], with a DMRS density 3 RE/PRB/Symbol[8]. Furthermore, the NR-PBCH coded bits of the NR-PBCH code block(s) are mapped across REs in 2 PBCH symbols [8]. Hence, the coded bits length after rate-matching is E = 288*2*0.75*2 = 864. Considering the maximum mother code length for NR-PBCH is Nmax = 512 [1], repetition will be employed. 
The permutation () in the above examples is applied after Polar encoder and before rate-matching. Hence, repetition can be applied independent of the polar specific design. For implementation, since the current rate-matching scheme is also sub-group permutation-based, the permutation pattern () can be integrated with the permutation pattern of the rate-matching scheme. At the receiver side, the received LLRs are firstly de-rate-matched to the mother code length, and then de-permutated if there is soft-combination, SCL decoder and joint detection is applied on the mother code length LLRs.
Polar specific PBCH coding chain
The channel coding chain of PBCH is summarized in Figure 10. During one SS burst Set, only the first code word (c0) with SS burst index ‘0’, needs to be truly encoded. The ensuing code words c1, c2, c3, … is sequentially permutated from this c0. In this sense, this reduces the complexity on the transmitter side. 
As for the special frozen bit, it can be achieved equivalently by scrambling on the coded bits. For example, if   is the special frozen bit for a N = 512 Polar, we can leave it ‘0‘ prior to the encoder and scramble the codeword with the 127-th row of Polar generation matrix G. 

 
[bookmark: _Ref492394519]Figure 10. A Polar specific NR-PBCH coding chain.

Blind Detection Complexity
The complexity of a soft-combination mainly depends on the number of blind decoding attempts. There are three ways (not exclusive to each other) to reduce the blind detection attempts for a receiver to soft-combine the SSBs within a SS burst set:
· Carrying time index on different DMRS sequences. 
· Mapping SSB/Burst non-uniformly. 
· Via polar specific explicit indication.
Burst-set composition for 15kHz and 30kHz
Considering that 3 bits are carried on different DMRS sequences, the content of NR-PBCH can be the same within a SS burst set. Thus no blind detection is required for soft-combining any SSBs in a burst set.
Burst-set composition for 120kHz and 240kHz
If the remaining 3 HSB bits are carried explicitly conventionally in the NR-PBCH to indicate the burst index, the soft-combination cannot be supported directly, calling for blind detections.
[image: ]
Figure 11. SS block distribution for 64 SS blocks with 120kHz & 240kHz SCS[2].
If the remaining 3bits of SSB index are carried with the polar specific explicit method as in Sec.2.1.2, the soft-combining rule of any SSBs from different burst can be determined by their relative time offset, and only one SCL decoder and one CRC check are required. Therefore, blind detection is not needed.
If the 2 HSB bits SSB index are carried with the polar specific explicit method as in Sec.2.1.1, only 2 blind detections are required to soft-combine any SSB within a SS burst set.
Observation-4: To soft-combine any SSBs within a SS burst set, blind detection can be eliminated when Polar specific explicit indication is adopted to indicate SSB index. 

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
Observation-1: The polar specific PBCH code design only needs one SCL decoding trial (one polar SCL decoder and L (list size) CRC check) to support soft-combination. 
Observation-2: For one-shot detection without soft-combination, the polar specific PBCH code design has same BLER and FAR as conventional explicit method. 
Observation-3: For soft-combination, the polar specific PBCH code design has same BLER and better FAR than conventional explicit method. 
Observation-4: To soft-combine any SSBs within a SS burst set, blind detection can be eliminated when Polar specific explicit indication is adopted to indicate SSB index.

Proposal-1: Polar specific explicit indication should be adopted to reduce the blind detection:
· to indicate 2 HSB bits of explicit SS block index 
· 2 Set-A bits   in info set are for polar specific index, which are not encoded in CRC.
· scramble the coded bit with the ()-th row of polar generation matrix G.
· use cumulative N/4 group-permutation (cyclic shift) for each time index prior to rate matching
· the group-wise permutation pattern is [3 0 1 2]
· to indicate all 3-bit explicit SS block index
· [bookmark: _GoBack]4 Set-A bits in Table 5 in info set are for polar specific index, which are not encoded in CRC. 
· scramble the coded bit with the i-th row of polar generation matrix G, where i is listed in Table 5.
· use cumulative N/16 group-permutation for each time index prior to rate matching.
· the group-wise permutation pattern is [15 12 9 10 3 0 5 6 7 4 1 2 11 8 13 14]
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Appendix A: Set A index and special frozen index for different 
For transferring of 2-bit time index:
Table 4 – Set A index and special frozen index for 2-bit time indication
	Payload range
	Set A index (for N=512)
	Scrambling vector  (for N=512)

	40 – 74
	
	-th row in G


	
For transferring of 3-bit time index:
[bookmark: _Ref492046693]Table 5 – Set A index and scrambling vector for different payload 
	Payload range
	Set A index (for N=512)
	Scrambling vector  (for N=512)

	40 – 42
	
	-th row in G

	43 – 51
	
	-th row in G

	52 – 58
	
	-th row in G

	59 – 68
	
	-th row in G

	69 – 74
	
	-th row in G



Appendix B: connection between matrices  and 
Pair of matrices (, ) satisfies following equation
.                                                              B-1
It help us to calculate one matrix by second one as follows
                                                                  B-2
.                                                                  B-3
where  is the polar generation matrix.
For the case of 2-bits time indication,  is a dual diagonal matrix as shown in Figure 12. For the case of 3-bits time indication,  is also a sparse matrix but not in a regular way. The both can be easily calculated by using formula above.






[bookmark: _Ref492980622]Figure 12. and  for a N/4 cyclic shift permutation.
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