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1. Overview
In RAN1 #88bis Spokane meeting [1], there agreed further evaluation and comparison for PBCH coding candidates:
	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



It is noticed that single transmission is considered for the evaluation. On the other hand, combining multiple transmissions of NR-PBCH with time index indication across SS blocks needs to be supported according to the following agreements. Since the time index value varies across SS blocks, how to realize combining gain is not a trivial problem.
	Agreements:
· RAN1 strives to supports combining NR-PBCH
· The different options to be considered:
· Across SS Burst Set
· Within SS Burst Set 
· Within subset of an SS burst set, e.g. within an SS burst, within  a number of slot(s) etc.

	Agreements:
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec


In this contribution, we will therefore
· Compare single transmission performances of Polar, LDPC as well as LTE TBCC for suggesting the best coding scheme for NR-PBCH, and 
· Examine NR-PBCH combining performance with varying time index across SS blocks for the considered coding schemes


2. Comparison of Single-Transmission Performance
1 
2 
Simulation Setting
We first identify the detailed simulation settings for the considered coding candidates. Note that the targeted false alarm rate (FAR) need to be the same as LTE PBCH with 16-bit CRC. 
· Polar:
· CA-Polar based on the optimized rate-matching design in [2]
· SCL list-8 decoding with (16 + 3)-bit CRC for the targeted FAR
· LDPC:
· Since there is only one contribution proposing LDPC for PBCH in RAN1 #88bis meeting, we will refer to the design in [3] with a suggested CRC amount to approach the target FAR. In particular, 8-bit CRC will be utilized.
· Since the proposed designs in [3] are code rate specific and the rate-1/12 design is achieved by repetition, we will focus on the rate-1/6 design. 
· Simulation settings that further favor the LDPC design in [3]:
· (info + CRC size, coded bit length) settings are matched to those in [3] 
· Decoding algorithm is the optimal SP with flooding 50 iterations
· LTE TBCC:
· 16-bit CRC and Viterbi decoding algorithm are utilized.
The above are therefore summarized below: 

Table 1. Simulation settings for comparing single-transmission performances
	Coding scheme
	Polar [2]
	LDPC [3]
	LTE TBCC

	(info bit size, coded bit length) 
(Settings matched to [3]; rate <= 1/6)
	(40, 288),  (56, 384), (72, 480)

	CRC length
	19
	8
	16

	Decoding scheme
	CRC-Aided SCL list-8
	SP flooding 
50 iterations
	Viterbi decoding

	Modulation type
	QPSK

	Channel type
	AWGN


Performance Comparison
Since the CRC sizes of Polar and TBCC are designed to match the target FAR, we first examine whether 8 bit-CRC is sufficient for the LDPC. In Fig. 1, we show the composite FAR regarding codeblock FAR and codeblock error rate, and the following observation can be made:

Observation 1: Under QPSK and AWGN setting, 8-bit CRC combined with the LDPC parity checks can approach 16-CRC equivalent FAR for the design in [3]. 
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Fig. 1: FAR and BLER performance for the LDPC design in [3] with 8-bit CRC
	We next compare the BLER performances in Fig. 2. As can be seen from the curves, LTE TBCC performs inferior to Polar and LDPC, and the gap is larger with larger MIB sizes. Comparing Polar and LDPC, Polar code shows better performance even with a much larger CRC size. Therefore, 
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Fig. 2: BLER comparison of single-transmission with Polar, LDPC, and LTE TBCC
Observation 2: Regarding single-transmission BLER performance, Polar code can achieve better performance than both LDPC and LTE TBCC.

Proposal 1: Polar code is selected for NR-PBCH for the best single transmission performance.


3. Supporting Time Index Indication in NR-PBCH
3 
Considerations on Cross-SS-Block Combining
In an analog/hybrid beamforming system, UE may lie between some major downlink beams, as illustrated in Fig. 3 below. Consequently, being able to combine 2 to 3 major beams can significantly improve UE robustness.  
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Fig. 3: A typical scenario where UE receives multiple major downlink beams
According to the following agreement in #88bis meeting, realizing cross-SS-block combining for NR-PBCH needs to take into account time index with varying content across SS blocks: 
	Agreements:
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec



Wrapping up the above, we have

Observation 3: Cross-SS block combining for NR-PBCH is necessary for UE robustness against imperfect beamforming. However, the combining design needs to consider varying time index content across SS blocks.

	In [4], there proposed an implicit design using TBCC and circular shift on encoder input to realize time index indication. Similar idea can also apply to LDPC by utilizing quasi-cycling property. However, it should be noticed that
· Implicit signaling design requires CRC check for every possible circular shift. To keep the same FAR, there requires extra CRC of  bits. For example, if SS block number is 64, there will require 6 extra CRC bits.
· Implicit signaling with TBCC can only support the maximal SS block number that is no larger than MIB payload and CRC size. This is a hard limit on forward compatibility if supporting 128 or more beams in a future release is no precluded.
· Implicit signaling with LDPC requires the lifting value to be no smaller than the maximal SS block number. For supporting total SS block number of 64 and MIB payload and CRC size of 64, the corresponding LDPC has only kbmax = 1, which limits the design freedom significantly. In fact, the design in [3] only supports the lifting value of 32 and cannot carry time index covering more than 32 SS blocks.
For Polar code, both explicit and implicit designs are feasible [5]. For explicit design, the time index is also part of the Polar code input. There are some benefits that can be realized with explicit signaling:
· The time index data can be set as known bits after they are correctly decoded, which can bring around 1 dB coding gain. On the contrary, the extra CRC overhead due to implicit signaling cannot contribute to any performance enhancement even after the time index become known.
· Explicit design, if combined with reserved bits, can achieve forward compatibility while implicit design need to change MIB payload and CRC size or require a new LDPC.
By the above, we thus suggest 

Proposal 2: For signaling time index in NR-PBCH, explicit design is supported for the advantages in both performance and forward compatibility.

A Polar Code Design with Explicit Time Index Indication
Below suggests a Polar design for realizing the performance advantages. With Fig. 4, we elaborate more details:
· The Polar code input bits are partitioned into index data and non-index data. 
· The index data is carried in the upper subcode, Code 2, with the input positions selected according to the subcode size and its available coded bits post puncturing. To improve Code 2 decoding performance, a proper CRC is included to enable CRC-aided SCL decoding.
· The non-index data is allocated to the lower part input of the Polar Code 1. The input bit position are selected assuming that the output bits related to Code 2 are punctured and the corresponding input bits are frozen. Note that another CRC should be included for CRC aided SCL decoding over Code 1.
· After the input bit allocation of both index and non-index data, the composite input vector is then encoded and transmitted.
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Fig. 4: An example Polar code design for explicit signaling on time index

By design, the above Polar code can realize:
· Coherent combining gain for non-index data over Code 1 with Code 2 punctured. This helps UE to effectively decode the non-index data. 
· After the non-index data is decoded correct, we can remove its contribution from Code 2 related channel outputs and perform dedicated decoding on Code 2 only. In case of multiple SS blocks received, one can perform multiple decoding trials and achieve selective combining gain for the index data.
· Enhanced performance on non-index data by setting known index data after a successful decoding and exploiting the predictability on the index data. 

Performance Comparison
To check the effectiveness of the Polar design, we further conduct a comparison between the Polar with explicit signaling and LTE TBCC with implicit signaling. The considered maximal number of SS blocks is 64, and MIB payload and CRC size is chosen to be  64 for TBCC to realize 64 circular shifts. For the Polar code, we consider Code 2 to be a size-128 Polar code with 96 coded bits. To realize CRC-aided SCL decoding for Code 2, a small 5-bit CRC is also included. The complete settings are summarized in Table 2 below.









Table 2. Setting for comparing Polar design and TBCC design with time index indications
	Coding scheme
	Polar
	LTE TBCC

	(Non-index info bit size, coded bit length) 
	 (42, 480)

	Time index indication
	Explicit with 6 bits
	Implicit with 64 shifts

	CRC length
	19 for non-index data
5 for index data
	16 + 6

	Decoding scheme
	CRC-Aided SCL list-8
	Viterbi decoding

	Modulation type
	QPSK

	Channel type
	AWGN

	SS block number
	1, 2, 3

	Note
	Code 2 setting: Size-128 Polar with 96 coded bits; input include 6-bit info + 5-bit CRC
	N/A



	In Fig. 5, there compare the combining performances of Polar and LTE TBCC with unknown index data. It can be observed that the suggested Polar code design can realize better combining performance than LTE TBCC. However, due to imposing the separated input data allocation design for the combining gain, there is loss in single transmission performance when compared with the Polar code design optimized only for the single transmission. 
	On the other hand, in Fig. 6, we show that the performance of non-index data can become better than the single-transmission design when the index data is successfully decoded. By exploiting the predictability of the index data, setting Code 2 input as known bits and utilizing Code 2 related channel outputs, the effective code rate becomes lower and brings around 1 dB performance gain. It is noticed that extra CRC overhead induced in TBCC due to implicit signaling cannot contribute to any performance improvement. This causes 1.5 dB performance gap from Polar code when the time index is known. By the above, we finally conclude:

Observation 4: Polar code with explicit time index signaling can realize better combining performance than LTE TBCC with implicit signaling. After the time index information become known, Polar code can even realize 1.5 dB performance gain over LTE TBCC. 

Proposal 3: Polar coding and explicit time index signaling are supported for NR-PBCH. FFS handling varying SFN value for combing across SS block bursts and burst sets.
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Fig. 5: Performance of cross-SS-block combining with unknown time index
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Fig .6: Performance of cross-SS-block combining with known time index
4. Summary
In this contribution, the performance advantage of Polar coded PBCH is investigated, in particular, we have

Observation 1: Under QPSK and AWGN setting, 8-bit CRC combined with the LDPC parity checks can approach 16-CRC equivalent FAR for the design in [3].

Observation 2: Regarding single-transmission BLER performance, Polar code can achieve better performance than both LDPC and LTE TBCC.

Proposal 1: Polar code is selected for NR-PBCH for the best single transmission performance.

Observation 3: Cross-SS block combining for NR-PBCH is necessary for UE robustness against imperfect beamforming. However, the combining design needs to consider varying time index content across SS blocks.

Proposal 2: For signaling time index in NR-PBCH, explicit design is supported for the advantages in both performance and forward compatibility.

Observation 4: Polar code with explicit time index signaling can realize better combining performance than LTE TBCC with implicit signaling. After the time index information become known, Polar code can even realize 1.5 dB performance gain over LTE TBCC. 

Proposal 3: Polar coding and explicit time index signaling are supported for NR-PBCH. 
FFS handling varying SFN value for combing across SS block bursts and burst sets.
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