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RAN90bis confirmed the working assumption regarding time index indication of RAN1#89 and clarified the code construction of NR-PBCH:
Agreement from RAN1#89:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
Clarification of the above agreement: 
1. Reuse Polar code design of PDCCH, i.e., 24-bit D-CRC with the associated interleaver.
Agreement [RAN1 #90b]: 
· Working assumption from RAN1#89 is confirmed, that the data, including time index if carried by NR-PBCH, is transmitted explicitly	

Next steps: 
Study further until RAN1#91 the order of the PBCH fields, considering whether one or more PBCH fields that have known bit values in certain scenarios are placed in a specific order to enable potentially improved PBCH decoder performance/latency (with the CRC being calculated based on the order of the payload after this ordering)
1. Examples of field(s) to be considered in particular include:
0. SS block time index;
0. SFN bits (e.g. for handover cases when the SFN is known a priori);
0. reserved bits
1. Note that backward compatibility problems in future releases should be avoided. 

Apparently, coding performance and latency can be improved by placing some PBCH fields on some special bit positions of a polar code. To investigate this ordering, we will refer to the following:
Agreement [RAN1 #90b]: 
1.  (working assumption) NR-PBCH has a payload size of 56 bits (including CRC)
1. 10-bit SFN is carried by NR-PBCH
1. (working assumption) 4-bit PRB grid offset is carried by NR-PBCH

Agreements[RAN1 #90]:
1. NR strive to support same payload size between below-6 and above-6 GHz
1. SS block time index:
1. 3 bits (b5, …, b3) for SS block time index in NR-PBCH payload only in case of above 6 GHz
1. b5, …, b3 for SS block time index are not carried in NR-PBCH payload in case of below 6 GHz
1. 3 bits in NR-PBCH payload in below 6 GHz case may be used for other purpose(s)
Agreements[RAN1 #NR AH2]:
1. An indication related to the synchronization information is provided to the UE
0. When there is the indication for a carrier, UE can utilize serving cell timing to derive the index of SS block transmitted by neighbour cell (e.g., radio frame or SFN or symbol level synchronization)
0. Note that it is up to RAN2 how to provide this indication
0. Note that it is up to RAN4 about the feasibility of synchronization and its requirement

Agreements[RAN1 #90b]:
· 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
Agreements[RAN2 99]:
· Synchronization information (1 bit) is provided to inform that the UE can utilise serving cell timing to derive the index of SS block transmitted by neighbour cell (e.g. radio frame or SFN or symbol level synchronization). 
· The synchronization information can be provided via both dedicated RRC signalling and broadcast, but not via NR MIB. 

For a thorough investigation of how to improve the coding performance when some PBCH fields may contain known bits, we will discuss a reliability-based order of the field arrangement in this contribution.

Discussion 
Advantages of placing some known bits 
If some information bits were known to a SC (successive-cancellation)-based polar decoder, the resultant coding performance could be improved when a SC-based decoder treated them as frozen bits. 
In a polar code design for NR-PBCH, we can profit from it, because some PBCH fields can be known to a decoder. It motivates us to seek to place them on some desired bit positions with no change on the polar code construction agreed for PDCCH. By doing that, the advantageous coding performance of NR-PBCH would impact the entire system and end user experience. 
Proposal-1: It is advantageous for NR-PBCH to place the known bits on some desired bit positions to achieve additional coding gain. 
Next, we will investigate which PBCH fields can be known to a decoder. We will compare different placements by simulations assuming the values of such fields are known or unknown to the decoder.  

PBCH Fields Containing Known Bits
Whether a PBCH field can be known to a decoder depends on the scenarios, UE status, carrier frequency, synchronous network of a carrier, and so on.  A list of the potential information fields transmitted over NR-PBCH is summarized in the appendix. Among these information fields, we identify the following fields that may be known to a decoder: 
System Frame Number (SFN)
A disconnected UE detects the 10-bit SFN during an initial access procedure. As the SFN changing pattern remains the same for one carrier, this connected UE may be able to easily deduce the current SFN from its previously detected SFN but has to decode the other PBCH information bits that may be changed. In this scenario, its decoder can treat the deduced SFN bits as frozen bits to improve the coding performance on the others bits and to shorten the decoding latency. 
It is agreed that a connected UE is informed of a synchronous network through higher layers. During a handover across a synchronous network, this connected UE may be able to deduce the current SFN bits of its neighbor cell from that of its serving cell. In this scenario, its decoder can treat the deduced SFN bits as frozen bits to improve the coding performance on the rest bits and to shorten the decoding latency too. 
SS block time index (SSBI)
The existence of the 3-bit SSBI depends on the carrier frequency:  
In case of above 6GHz, it is an extension of the 10-bit SFN so that a connected UE can derive the SSBI from its previously detected SSBI and derive the SSBI of neighbor cell from that of its serving cell during a handover across a synchronous network. 
In case of sub-6GHz, it “may be used for other purpose” in the agreements. 
Half radio frame indicator
In case of 3GHz and below, this one-bit indicator is carried by PBCH DMRS pattern. As a result, it would become a known bit to the decoder after PBCH DMRS pattern was detected in the initial access procedure.
Observation-1: Up to 14-bit timing information can be known to a decoder. Among them, the knowledge of 3-bit SSBI and 1-bit Half-radio-frame-indicator depends on carrier frequency.  

Different Placement Schemes of Known Bits
According to the agreement that PBCH Polar code design reuses of the code construction of PDCCH, the bit positions of the 24-bit CRC are fixed for the total 56-bit CRC-concatenated NR-PBCH payload. Only the bit positions of the MIB bits can be arranged by an order adjustment of the 32 information bits prior to 24-bit CRC concatenation.  
Observation-2: The bit positions of the 24-bit distributed CRC are fixed for NR-PBCH payload; but the bit positions of MIB bits can be arranged. 
Several criteria to place the known bits have been presented in the previous papers [6] and [7]: 
· Reliability-based one: to put the known bits based on the reliability. 
· Natural-order-based one: to put the known bits on the beginning ones.   
Different placement schemes should be simulated and compared in the two cases: decoder has knowledge or not of the values of these bits. 
Reliability-based Placement
First of all, we assume that the SFN (10-bit), SSBI (3-bit), and Half-radio-frame-indicator (1-bit) be the known bits to be arranged on the bit positions based on the reliability. So far there are two ways to place them: 
· Alt-1: Place them on the most “available” reliable bit positions [6] among the 56 ones
· Alt-2: Place them on the least reliable bit positions among the 56 ones 
As mentioned in Observation-2, we can’t change the bit positions of the 24-bit DCRC that occupy the majority of the most reliable bit positions among the 56 ones. The known bits in Alt-1 would actually take the “secondary” most reliable positions.  
[image: ]
[bookmark: _Ref497139256]Figure 1 Performance improvement due to proper order of PBCH fields: 14 known bits 
Figure 1 shows a significant coding gain by placing them on the least reliable positions. Compared with the reference curve (blue) in which a decoder doesn’t profit from the known bits, 
· Place them on the most “available” reliable bit positions: 0.6dB gain 
· Place them on the least reliable bit positions: 1.3dB gain
Observation-3:  Decoding performance can significantly profit from putting the known PBCH fields based on the reliability. Different reliability-based schemes will lead to large differences in performance. 
Note that this observed performance gain is with the 14 known bits at a decoder side. Any decrease in the number of the known bits would reduce the performance gain that a decoder can reach. Although the 3-bit SSBI becomes unavailable for a decoder in some carrier frequency, the 10-bit SFN and 1-bit Half-radio-frame-indictor could still bring about an overwhelming coding gain. The following figure will show the performance improvement in case of 5GHz carrier frequency in which 3-bit SSBI becomes unknown bits. 
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Figure 2 Performance improvement due to proper order of PBCH fields: 11 known bits 
Nature-order-based Placement
To place the known bits on the smallest indices along a natural order is motivated more by a reduction of the decoding latency than an enhancement to the decoding performance, because a number of the consecutive frozen bits and known bits to be treated as frozen bits can be skipped by a decoder in some way.   
The bit positions with the smallest indices do NOT take the least reliable ones among the 56 ones. This placement results into averagely higher reliability on the known bits and lower reliability on the rest bits than the placement of the known-bits on the least reliable bit positions. Note, the final performance of a polar code mainly depend on reliability of its least reliable information subchannel. 
The simulation is setup to compare the coding performance between the two placements (known-bits on the least reliable bit positions and known-bits on the smallest indices bit positions) with two decoding scenarios: decoding with and without the known bits. 
[image: ]
Figure 3 Performance comparison of the two placements schemes 

Observation-4: 
· In case a decoder has no knowledge of the known bits, natural-order-based and reliability-order-based  have almost the same performance because both have exactly the same overall reliability and the bit positions of the 24-DCRC are also the same. 
· [bookmark: _GoBack]In case a decoder has knowledge of the known bits, the placement of known-bits on the least reliable bit positions outperforms that of known-bits on the smallest index bit positions by 0.7 dB. 
The bit positions of known bits and unknown bits of the two placements are generally illustrated below. 

 
Figure 4 Bit positions of known bits and unknown bits of the two placements 
For the case of payload 56, there are still 3 unknown bits placed precedent to any rest bits for the arrangement that the known-bits are on the least reliable bit positions. Now the question is whether it is worthwhile to skip (14-3) more known bits for 0.7 dB performance loss. Please note that the total number of the path selections on each information bit is the same in both placements.    
Besides, we believe that the most latency reduction is mainly attributed to the early termination on the distributed CRC bits. As the bit positions of the distributed CRC bits are the same in both placements, they have the same early termination gain attributed to the DCRC. 
About Placements of Reserved Bits
The reserved bits are for additional broadcast information bits in the future. Furthermore, the number of the reserved bits in NR-PBCH is assumed 3 in case of above 6GHz and 6 (including unused SSBI) in case of sub-6Ghz. Both are less than 10-bit counterpart of the LTE system.
As the agreement also lists “reserved bits” as example receiving particular consideration, we will investigate their placement. 
· Alt-1: Reliability-based order  
· 1.a: to place the 3 reserved bits on the less reliable bit positions than the known bits 
· 1.b: to place the 3 reserved bits on the more reliable bit positions than the known bits but less reliable bit positions than known bits 
· Alt-2: Natural-based order 
· 2.a: to place the 3 reserved bits on the smaller index bit positions than the known bits 
· 2.b: to place the 3 reserved bits on the larger index bit positions than the known bits but smaller index bit positions than known bits 
First, we simulate the coding gain if a decoder treats the 3 reserved bits together as known bits for both Alt-1 and Alt-2. In this case, Alt-1.a and Alt-1.b have the same performance, and Alt-2.a and Alt-2.b have the same performance. 
[image: ]
Figure 5 Reserved bits as known bits for Alt-1 and Alt-2
Observation-5: If a decoder treated the 3 reserved bits as known bits, it would provide an additional 0.1~0.3 dB coding gain. 
Second, we compare (Alt-1.a and Alt-1.b) and (Alt-1.a and Alt-1.b) when the 3-bit reserved bits were used for transmitting the unknown bits in the future.
[image: ]
Figure 6 Reserved bits as unknown bits for Alt-1 and Alt-2
Observation-6: Because the reserved bits may be used for unknown bits in the future, different bit positions would lead to different performance. 

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
Proposal-1: It is advantageous for NR-PBCH to place the known bits on some desired bit positions to achieve additional coding gain.
Observation-1: Up to 14-bit timing information can be known to a decoder. Among them, the knowledge of 3-bit SSBI and 1-bit Half-radio-frame-indicator depends on carrier frequency.  
Observation-2: The bit positions of the 24-bit distributed CRC are fixed for NR-PBCH payload; but the bit positions of MIB bits can be arranged. 
Observation-3:  Decoding performance can significantly profit from putting the known PBCH fields based on the reliability. Different reliability-based schemes will lead to large differences in performance. 
Observation-4: 
· In case a decoder has no knowledge of the known bits, natural-order-based and reliability-order-based  have almost the same performance because both have exactly the same overall reliability and the bit positions of the 24-DCRC are also the same. 
· In case a decoder has knowledge of the known bits, the placement of known-bits on the least reliable bit positions outperforms that of known-bits on the smallest index bit positions by 0.7 dB. 
Observation-5: If a decoder treated the 3 reserved bits as known bits, it would provide an additional 0.1~0.3 dB coding gain. 
Observation-6: Because the reserved bits may be used for unknown bits in the future, different bit positions would lead to different performance. 
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Appendix
Table 1: Contents and of NR-PBCH [8]
	NR-PBCH contents
	Size

	SFN
	10

	SS block time index
	3

	RMSI scheduling information
	8

	Offset between the edge of SS block PRBs and the PRB grid for common PRB indexing
	4

	Information for quick identification that UE can not camp on the cell
	1

	1st PDSCH DMRS position
	1

	intraFreqReselection
	1

	half radio frame indication
	1

	Reserved bits
	x

	CRC bits
	24

	Total
	53+x
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