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1. Overview
In RAN1 #89 Hangzhou meeting [1], Polar coding is adopted for NR-PBCH with the following agreement:
	Agreement:
· 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, 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




In RAN Ad-hoc #2 Qingdao meeting [2], there achieves further agreement on carrying the timing information
	Agreements: 
· Working assumption: 3 bits of SS block index are carried by changing the DMRS sequence within each 5ms period
· It can be further considered to limit the number of bits carried in this way to 2 if carrying 3 bits is shown to cause problems
· FFS: details of  scrambling of the PBCH which may or may not carry a part of timing information
· FFS: 5 ms half radio frame interval indication
· Remaining bits of the timing information are carried explicitly in the NR-PBCH payload




In this contribution, we will show
· The additional decoding complexity for NR measurement, if required to acquire SS block index in PBCH, is a large add-on w.r.t. LTE due to the product dimension of cell number, cross-SS-block combining hypothesis number and cross-SFN combing hypothesis number.
· Exploiting a nested Polar code structure can resolve the measurement complexity issue
Note that, without causing confusion, we may abbreviate the remaining SS block index by SSBI in the following context for conciseness.


2. Decoding Complexity Issue for NR Measurement
In LTE system, a UE typically may detect multiple cells at the same time per frequency layer for measurement report, which is done based on PSS/SSS and CRS with no need of PBCH decoding.  However, In NR, it can be required to report SSBI for measurement. In the case where there are more than 8 SS blocks, there requires additional PBCH decoding to acquire the remaining 3 SSBI bits in addition to the 3 bits carried by PBCH DMRS. Since SS blocks apply beamforming, it is possible up to 8 PBCH decoding attempts need to be performed in case of 64 SS blocks. Even If the average number of PBCH decoding attempts is 4 per cell for acquisition of the full SSBI information in case of 64 SS blocks, there means typically 20 – 24 PBCH decoding attempts assuming 5-6 cells are detected per frequency layer. 
 To exploit the combining gain under system frame number (SFN) uncertainty for 80 ms PBCH TTI, UE will need to perform combining under 8 possible hypotheses for the starting SFN of PBCH TTI, and each combining outcome also requires a dedicated decoding. This will boost total typical PBCH decoding number to 160 – 192 per frequency layer based on above assumptions (i.e., 8*20 ~ 8*24). Compared with LTE measurement requiring no decoding, the extra decoding complexity is noticeable. Consequently we have:

Observation 1:  Compared with LTE measurement, NR measurement can require extra decoding complexity of 160 to 192 PBCH decoding attempts under the typical setting of 5 – 6 cells detection, applying soft-combining across under SFN uncertainty, and average 4 attempts for acquisition of full SS block index information in case of 64 SS blocks.

The above add-on can drain a significant portion of NR UE power if SSBI from PBCH is required, which in turns provides poor user experience compared with a LTE UE. On the other hand, it should be noted that SSBI acquisition is typically required in RRM measurement phase while the other MIB information is only required when UE is camping on or handover to a cell. So it is too complicated and power consuming for UE to decode the whole MIB just for acquisition of SSBI during the measurement phase.

Observation 2: Requiring full PBCH decoding complexity for NR UE to acquire only 3 remaining SS block index bits from PBCH content is power consuming and not reasonable.

Therefore, the following proposal is important for better user experience with NR UEs:

Proposal 1: NR PBCH design should minimize the decoding complexity for UE measurement to acquire only 3 remaining SS block bits from PBCH content. 


3. Nested Polar Code for SS Block Index
To reduce the decoding complexity for measurement, it is desirable to reduce Polar code size for decoding SSBI. Also to eliminate the hypothesis decoding complexity with soft combining across SS burst sets under SFN uncertainty, it is useful to decouple SSBI from SFN. On the other hand, for the UE flexibility of exploiting CRC for integrity check on SSBI, it is necessary for SSBI and the other MIB bits to be jointly encoded by a CRC. To fulfill all the demands, a nested Polar code structure is suggested. 
Given a Polar code N, one can extract a size-N’ Polar subcode by down-sampling the Polar code with the spacing of N/N’ bits from the bottom. Fig. 1 shows an example with N = 8 and N’=2. For PBCH, N = 512, and we can consider a small nested Polar code with N’ = 64 for carrying at least the 3 SSBI bits. For the input bits belonging to the nested Polar, they are dedicated for SSBI, some other intended bits and frozen bits. Allocation of the other MIB bits shall skip those positions, and such a constraint will slightly impact the performance of other MIB data.
With proper bit distribution, UE can have the flexibility to decode only the small nested Polar for SSBI. Setting N’ = N/8, significant reduction in decoding complexity can be realized. Since the input bits corresponding to the size-N’ Polar code are not affected by other MIB bits, there is no need of SFN hypothesis for soft combining across multiple burst sets. Assuming that CRC covers both SSBI and the other MIB bits, UE also has the flexibility in utilizing it for the integrity check on SSBI by substituting the SSBI and decoding the full Polar code. On the other hand, it is also possible UE can only rely on some reliability metric or a small additional CRC so as to avoid decoding the large Polar code for SSBI.
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Fig. 1: Extracting a small nested Polar code from a large Polar

By the above, we have

Proposal 2: Exploit a small nested Polar code in the size-512 PBCH Polar code for carrying the remaining SS block index in PBCH.

Observation 3: The nested Polar structure can provide the following benefits for measurement:
· Polar code size for decoding the remaining SS block index is significantly reduced
· Soft combining for SS block index across multiple burst sets require no hypothesis on unknown starting SFN
· UE can save power if the remaining SS block index can effectively obtained from the small nested Polar code via simplified soft combining and decoding.
Observation 4: The nested Polar structure will, however, pose constraint on input bit allocation. There is trade-off between the above benefits and the performance of other MIB data.


4. Design Examples for PBCH and Performance results
In this section, we elaborate on nested Polar examples for PBCH and discuss the trade-off between complexity and performance. To reduce the decoding complexity, the size of the small nested Polar code is set to N/8 = 64. The input of the small nested Polar code can be design for different ratio of info bits and CRC bits regarding FAR requirement. For example, it can carry 3 SSBI bits and C0 while use a CRC size of 8 to prioritize FAR. Alternatively, if there are more info bits, e.g., cell barring, QCLed info, to be carried for ease of UE’s early acquisition, one can design 8 info bits and 4 CRC bits. In Fig 2, there compare the performance of nested Polar code of size-64 and the full Polar code with size-512. Due to smaller Polarization gain, the nested Polar code has inferior one-shot performance. However, by virtue of simplified combining and multiple samples available for measurement, one can easily achieve a better performance with reduced combining and decoding complexity. In Fig. 3, the performance of other MIB data is shown. Due to that the nested Polar code poses constraint on input bit position selection, there is performance degradation. Yet, the loss can be confined by off loading more data bits into the nested Polar code. Therefore, we can have

Observation 5: With the design of size-64 nested Polar code for 3-bit SS block index and 1 to 5-bit MIB data, the decoding complexity for measurement can be reduced to 1/8. The performance loss for other MIB data, given correct SS block index decoded, can be confined.
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Fig. 2: Performance with size-64 nested Polar for different info and CRC sizes and soft combing
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Fig. 2: Performance with other MIB data in the presence of nested Polar code.

Therefore, we finally conclude with

Proposal 3:  Nested Polar code carrying SS block index is adopted for NR PBCH coding design for significant reduction in UE measurement complexity.
· FFS the nested Polar code size and content to be carried


5. Summary
In this contribution, Polar coding design for reducing UE measurement complexity is investigated. In particular, we have 

Observation 1:  Compared with LTE measurement, NR measurement can require extra decoding complexity of 160 to 192 PBCH decoding attempts under the typical setting of 5 – 6 cells detection, applying soft-combining across under SFN uncertainty, and average 4 attempts for acquisition of full SS block index information in case of 64 SS blocks.

Observation 2: Requiring full PBCH decoding complexity for NR UE to acquire only 3 remaining SS block index bits from PBCH content is power consuming and not reasonable.

Proposal 1: NR PBCH design should minimize the decoding complexity for UE measurement to acquire only 3 remaining SS block bits from PBCH content.

Proposal 2: Exploit a small nested Polar code in the size-512 PBCH Polar code for carrying the remaining SS block index in PBCH.


Observation 3: The nested Polar structure can provide the following benefits for measurement:
· Polar code size for decoding the remaining SS block index is significantly reduced
· Soft combining for SS block index across multiple burst sets require no hypothesis on unknown starting SFN
· UE can save power if the remaining SS block index can effectively obtained from the small nested Polar code via simplified soft combining and decoding.

Observation 4: The nested Polar structure will, however, pose constraint on input bit allocation. There is trade-off between the above benefits and the performance of other MIB data.
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Observation 5: With the design of size-64 nested Polar code for 3-bit SS block index and 1 to 5-bit MIB data, the decoding complexity for measurement can be reduced to 1/8. The performance loss for other MIB data, given correct SS block index decoded, can be confined.

Proposal 3:  Nested Polar code carrying SS block index is adopted for NR PBCH coding design for significant reduction in UE measurement complexity.
· FFS the nested Polar code size and content to be carried
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