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Introduction
In RAN1#88bis, the following agreement on PBCH channel coding was reached [1]:
Agreement:
· The primary candidates for PBCH channel coding are: 
· Polar control channel coding scheme, with Nmax <= 512, reusing same decoder
· LDPC data channel coding scheme, reusing same decoder – i.e. no new shift network, but a new base graph may be considered
· LTE TBCC may also be considered if fundamental problems are unresolved with the above candidates
· Evaluate BLER and FAR performance until RAN1#89, with the following assumptions:
· Implementable decoders, i.e.:
· For polar decoding: Lmax = 8
· For LDPC decoding: min-sum variants, flooding 50 iterations
· Info + CRC = 40-100 bits
· Target FAR is that achieved with CRC size = 16
· Starting code rate <= 1/6
· Performance to be compared based on a single transmission with no combining
· Note that it is assumed that PBCH uses Chase combining – i.e. IR is not supported.  
· Decoder power may optionally also be considered

In this contribution, we first estimate the number of CRC bits needed for PBCH if an LDPC code is used. We then compare the BLER performance of the LDPC code to the BLER performance of a polar code, under the assumption that the same number of bits is transmitted.

[bookmark: _Ref481733295]NR-PBCH Design
The following design parameters have been agreed in RAN1#88bis for NR-PBCH:
· Number of MIB payload bits: 40 ~ 100 bits with CRC
· Number of available REs in an OFDM symbol for NR-PBCH: 288 REs

In this study, the number of DMRS REs in an OFDM symbol is assumed to be an average of 2 REs/OFDM symbol /PRB. This results in 2*288/12 = 48 REs being occupied by DMRS in the PRBs for NR-PBCH. Thus the total number of coded bits in an OFDM symbol for NR-PBCH with QPSK modulation is: (288-48)*2 = 480 (bits) 
Within a synchronization signal (SS) block, two OFDM symbols are used for NR-PBCH. As discussed in [4], it is desirable that the resource element mapping scheme is designed to have identical NR-PBCH contents in the two OFDM symbols. Such design helps to refine the frequency error estimation in initial access. In terms of channel coding design, this means that MIB is encoded into 480 bits and mapped to the two OFDM symbols in a repeated manner.
While the design of NR-PBCH is expected to support soft combining of multiple NR-PBCH instances, in this contribution, only performance of a single NR-PBCH transmission is considered. The companion contribution [5] considers the soft combining of multiple NR-PBCH instances.
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Figure 1: Illustration of NR-PBCH transmission.

Inherent error detection capability of LDPC code
For PBCH, the LDPC data channel coding scheme, possibly with a new base graph, is an alternative. Since the code rate is assumed to be 1/6 or lower, we consider the low family base graph proposed in [2] because of the low code rate achieved through code extension. This is however a base graph intended for info block lengths up to several thousands of bits and it is not specifically designed for PBCH.
The simulation assumptions are:
· Decoding with the normalized min-sum algorithm, flooding and 50 decoding iterations. The normalization factor is 0.67 in the normalized min-sum decoding.
· 64 info bits
· Code rate 
· Two different transmission assumptions are considered:
· Transmission of random bits, simulates the case where the transmission is not intended for the receiver.
· Transmission of a codeword, corresponds to the normal case when the transmission is intended for the receiver.

In the evaluations we consider two different measures:
1) Probability of false alarm ()

2) Probability of undetected error ()

If random bits are transmitted, all transmitted frames will result in frame errors and 1) and 2) will be the same. However, if a codeword is transmitted, the probability of undetected error can be calculated as


Figure 2 shows  and  for a code rate of 1/6 and an information block length seen by the LDPC decoder of 64 + CRC bits. The results shown in the figure includes only the inherent error detection of the LDPC code. As shown in the figure,  (blue curve) increases with increasing SNR if codewords are transmitted. However, at high SNR where the BLER is low, the high probability that a frame error is not detected is not a big problem since frame errors seldom occur. This is shown through  (red curve), that combines the effect of false alarm and BLER. When random bits are transmitted (the green curve),  is in principle independent of SNR.
According to the agreement, the target  is that achieved with 16 CRC bits. With no inherent error detection capability, which is the case for Polar codes, a  of approximately  can be achieved with 16 CRC bits. To achieve similar or better error detection capability with the LDPC code, we suggest that the inherent error detection capability of the LDPC code at the point where  has its maximum is considered. At this point,  is achieved through the parity-check equations, and since , this corresponds to the error detection capability typically achieved with 11 CRC bits. We suggest that 6 CRC bits are used with the LDPC code to ensure that at least the same error detection capability as with 16 CRC bits is achieved. 
The good error detection capability of the LDPC code is mainly due to the very low code rate at which NR-PBCH is transmitted. With a low code rate the number of parity-check equations is high and the likelihood that a codeword is found by the decoder even though only random bits are received is very low.
[bookmark: _Toc481402800][bookmark: _Toc481685437][bookmark: _Toc481736117][bookmark: _Toc481739340]When LDPC codes are applied, a CRC of length 6 is enough to achieve the targeted probability of undetected errors for NR-PBCH.
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[bookmark: _Ref481401500]Figure 2: Probability of false alarm and undetected error for code rate R=1/6 and K=64 + CRC.

Performance comparison
In this section, we compare the BLER performance of the LDPC code to the BLER performance of a Polar code. Because of the inherent error detection capability of the LDPC code, only 6 CRC bits must be attached to the information bits before LDPC encoding, while 16 CRC bits must be attached to the information before Polar encoding. In the comparison, we take this into account by adjusting the LDPC code rate such that the number of transmitted bits is the same for LDPC and Polar. The simulated cases and the calculation of the adjusted code rate for the LDPC code is summarized in Table 1. The LDPC decoder used the normalized min-sum algorithm with normalization factor of 0.67, flooding schedule and 50 decoding iterations.

[bookmark: _Ref481406407]Table 1: Code parameters for the LDPC code
	Info bits LDPC
	64 (pure info) + 6 (CRC) = 70

	Coded bits LDPC
	480

	Adjusted LDPC code rate
	70 / 480 = 0.1458



For Polar codes, the mother code size is limited by Nmax,DL = 512. The Polar code construction is CA-Polar with (16+3) CRC, i.e., a degree-19 CRC polynomial. The Polar decoder uses SCL decoding with list size L=8.  The Polar code used PW Sequence as information bit ordering sequence, and the puncturing method is Split-natural Type I. The code parameters are summarized in Table 2.
Table 2: Code parameters for the Polar code
	Info bits Polar
	64 (pure info) + 16 (CRC) = 80

	Coded bits Polar
	480

	Polar code rate
	80/480 = 1/6



The performance comparison between LDPC and Polar according to parameters in Table 1 and Table 2 is shown in Figure 3. At this block length and the tested code design, the Polar code outperforms the LDPC code. It is pointed out that the LDPC H matrix is not customized for the code size and code rate ranges of NR-PBCH. With a customized LDPC code design, the LDPC performance is likely to be improved. 
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[bookmark: _Ref481730736]Figure 3: Performance comparison between LDPC and Polar at a code rate of 1/6 and a block length of 64 bits + CRC.
Identical NR-PBCH in two OFDM symbols
As mentioned in Section 2, two OFDM symbols are used for NR-PBCH. It is desirable that the resource element mapping scheme is designed to have identical NR-PBCH contents in the two OFDM symbols to help refine the frequency error estimation in initial access. In this section we show that the channel coding performance using repetition in this manner is almost the same as if a native code rate of 1/12 is used.
We consider the following cases:
1) R=1/6 with repetition
· MIB is encoded into 480 bits and mapped to the two OFDM symbols in a repeated manner
2) R=1/12
· MIB is encoded into 960 bits that are mapped to the two OFDM symbols
The performance for the two different cases as well as the case above with a single transmission at rate 1/6 is shown in Figure 4. The results show that both for LDPC and Polar, there is almost no benefit of using a code with a native code rate of 1/12, case 2), as compared to repetition of a codeword with rate 1/6, case 1). From channel coding perspective, transmission of different NR-PBCH content in the two OFDM symbols should be avoided due to the increased complexity which gives no performance improvement. 
Thus repeating the same NR-PBCH modulation symbols in two OFDM symbol has the benefit of. improved frequency offset error estimation, without incurring any coding gain loss. Hence it is recommended that MIB is encoded into 480 bits which is mapped to the two OFDM symbols in a repeated manner.

[bookmark: _Toc481736118][bookmark: _Toc481739341]Transmission of different NR-PBCH content in the two OFDM symbols increases the encoding and decoding complexity but gives no performance improvement.

[bookmark: _Toc480897102][bookmark: _Toc481152830][bookmark: _Toc481581891][bookmark: _Toc481735987][bookmark: _Toc481736115]For NR-PBCH transmission, MIB is encoded into one codeword which is mapped to the two NR-PBCH OFDM symbols in a repeated manner.
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[bookmark: _Ref481739107]Figure 4: Performance comparison between repetition of rate 1/6 codeword and native rate 1/12 codeword for Polar and LDPC codes.

[bookmark: _Ref178064866]Conclusion
[bookmark: _GoBack]In this contribution, channel coding performance for a single transmission of NR-PBCH is studied. Based on the analysis, we made the following observations:
Observation 1	When LDPC codes are applied, A CRC of length 6 is enough to achieve a satisfying probability of false alarm and probability of undetected errors for NR-PBCH.
Observation 2	Transmission of different NR-PBCH content in the two OFDM symbols increases the encoding and decoding complexity but gives no performance improvement.

Based on the discussion and the observations we have the following proposals:
Proposal 1	For NR-PBCH transmission, MIB is encoded into one codeword which is mapped to the two NR-PBCH OFDM symbols in a repeated manner.
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