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1. Introduction
In this contribution, we discuss some of the remaining details related to NR-PBCH. In particular, we express our views on the initialization values for the PBCH scrambling and PBCH-DMRS sequences, half radio frame indication, EPRE offset values between NR-SSS and PBCH-DMRS and between PBCH-DMRS and PBCH data REs.

2. Initialization of DMRS Sequence 











As agreed in the last meeting [1], the PBCH-DMRS sequence initialization value is based on Cell ID and SS block time index carried by PBCH-DMRS. There are two possible ways to combine Cell ID and SS block time index into the single initialization value: linear and non-linear. For linear combination, we assume that both the SS block time index carried by PBCH-DMRS  and Cell ID  occupy dedicated non-overlapping bit positions in the binary representation of the initialization value . For example, in the linear case . In the non-linear case, there are no bits solely dedicated to  and/or . To provide the non-linear combination of  and , their multiplication can be used, e.g., . It should be noted, that the non-linear approach to calculation of  allows to better randomize interference across different SS blocks making it non-stationary in the time domain. Similar approach was taken in LTE for initialization of all time-depended PN codes. The difference between the linear and non-linear combination for  derivation is illustrated in Figure 1. From the figure, it can be seen that in case of linear combination (Figure 1a) the CDF curves of cross-correlation real values is the same for all 8 different SS block indices. This means the stationary interference on PBCH-DMRS REs across all SS blocks for a particular pair of cell IDs. For the non-linear combination (Figure 1b), the CFD curves are different for different SS blocks, which means that interference on PBCH-DMRS REs changes from one SS block to another. In Figure 2 we illustrate how the cross-correlation real value may change across SS blocks for a particular pair of cell IDs when the linear and non-linear combinations are used. Please note that the cell ID values PCID1 and PCID2 were chosen to produce the highest observed cross-correlation real values for a particular SS block (e.g., block #5 in case of non-linear combination) or all SS blocks (in case of linear combination).
Based on the results provided in Figure 1 and Figure 2, the following proposal can be made:
Proposal 1:
· The initialization value cinit for the PBCH-DMRS sequence is the non-linear combination of SS block time index and cell ID defined as follows:
· 
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[bookmark: _Ref485424803]Figure 1. CDF curves of cross-correlation real values for PBCH-DMRS sequences.
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[bookmark: _Ref492633305]Figure 2. Variation of the cross-correlation real value observed for two PBCH-DMRS sequences corresponding to fixed PCID1 and PCID2 values.

3. PBCH Scrambling 
In the last meeting, the scrambling for NR-PBCH was agreed as follows [1]:
	Agreements:
· 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





For the initialization of the 1st scrambling for NR-PBCH, exactly the same reasoning can be repeated as for initialization of PBCH-DMRS sequence generator. In particular, the non-linear combining of the part of SFN  and Cell ID should be used, i.e., . Here  is the value corresponding to 3 LSB of SFN. The half radio frame index is not a part of the initialization of the 1st scrambling and transmitted in the PBCH payload.
Proposal 2:
· 
The initialization value cinit for the 1st scrambling of the NR-PBCH is the non-linear combination of cell ID and a part of SFN  defined as follows:
· 
;
· 
the part of SFN  corresponds to the 3 LSB bits of SFN.
· The half radio frame index is included in the NR-PBCH payload.
Another issue related to PBCH scrambling is whether to apply the 2nd scrambling code or not. In Figure 3, we provide simulation results for one shot and multi-shot PBCH decoding performance with and without the 2nd scrambling. The scenario with the strong interfering BS is considered when the INR is 3 dB. Note that the 2nd scrambling is known to the UE in advance because its initialization is based on the cell ID only.
From the results in Figure 3, it can be seen that there is a plateau of the performance curves in a high SNR region when the 2nd scrambling is not used (the blue ones). Without the 2nd scrambling, both BSs transmit valid code words, and in high INR there is a non-zero probability of successful decoding the code word transmitted by the interfering BS. To avoid this effect, the 2nd scrambling should be applied to the encoded PBCH bits.
Proposal 3:
· The 2nd scrambling is applied to encoded PBCH bits in a SS block.
· The 2nd scrambling code initialization is given as:
· 

The overall PBCH transmit processing in NR is depicted in Figure 4.
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[bookmark: _Ref492656932]Figure 3. PBCH decoding performance with and without the 2nd scrambling.
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[bookmark: _Ref489633841]Figure 4. PBCH transmit signal processing in NR.

4. Half Radio Frame Indication 
There were 3 possible options for the half radio frame (HRF) indication discussed offline during 3GPP RAN1#90:
Opt.1:	Embed HRF index inside PBCH-DMRS sequence;
Opt.2:	Embed HRF as a phase of the PBCH OFDM symbols. Also embed HRF inside the PBCH payload.
Opt.3:	Insert HRF inside the PBCH payload. Support only PRACH configurations with larger than 5 ms periodicity when the network is synchronized within a quarter of radio frame.

The main goal of all 3 options above is to avoid PBCH decoding during handover. In our view, Opt.1 and Opt.2 are somewhat similar to each other. Eventually, these options can be converged to the blind testing of different hypotheses on PBCH-DMRS additionally extended by the hypotheses on HRF index value. Therefore, the joint detection of PBCH-DMRS and HRF index in Opt.1 and Opt.2 implies the increase in the complexity of the UE implementation which should be avoided.


The approach in Opt.3 repeats the strategy selected many years ago in LTE Rel-8. Let us recall that since LTE Rel-8 for frame structure 1 (FDD) ‘For PRACH configuration 0, 1, 2, 15, 16, 17, 18, 31, 32, 33, 34, 47, 48, 49, 50 and 63 the UE may for handover purposes assume an absolute value of the relative time difference between radio frame  in the current cell and the target cell of less than ’ (see [2], Section 5.7.1). In other words, for RACH configurations with periodicity 10 ms (one radio frame) the UE may assume that the LTE network is synchronized within 5 ms. The NR networks are expected to be more advanced than the LTE, and it is typical to require little bit tighter cell synchronization in NR than in LTE, for example, a quarter of radio frame.
Proposal 4:
· The half radio frame index is included in the NR-PBCH payload. Support only PRACH configurations with larger than 5 ms periodicity when the network is synchronized within a quarter of radio frame.

5. EPRE Offset between NR-SSS and PBCH-DMRS, PBCH-DMRS and Data RE 
In 3GPP RAN1 NR Ad-Hoc#2 it was agreed to have a fixed power offset defined in the specification between NR-SSS and PBCH-DMRS per frequency band [3]. However, the exact values of the power offset were not set. We propose to have 3 dB power offset of NR-SSS above the power level of PBCH-DMRS. Typically, the initial stage of cell search, i.e., time and frequency synchronization as well as cell ID detection is more prone to errors than subsequent PBCH decoding. An additional power boosting of 3 dB for NR-SSS may improve the cell search performance at the initial stage. The necessary TX power can be easily borrowed from the REs located outside the NR-SSS bandwidth but within the SS block bandwidth.
Proposal 5
· NR-SSS has a fixed power offset of 3 dB above the power level of PBCH-DMRS.

Regarding the EPRE offset between PBCH-DMRS and NR-PBCH data, we see the following options:
Opt.1:	Fixed power offset, e.g., 0 dB;
Opt.2:	Variable power offset, but not indicated to the UE;
Opt.3:	Variable power offset selected from a set of possible values, e.g., at most 4 values, and not indicated to the UE;
Opt.4:	Variable power offset selected from a set of possible values, e.g., at most 4 values, and indicated to UE in PBCH.
Typical application where the knowledge about the power offset between PBCH-DMRS and NR-PBCH data is beneficial is advanced receivers with PBCH interference cancellation capability. Using Opt.1, it is not expected to use advanced receivers for PBCH processing at the UE side. However, network still can apply power boosting, e.g., to implicitly improve PBCH-DMRS detection and/or UE’s channel estimation performance.
From the network perspective, Opt.2 is the most preferable choice because it does not put any limitations on the gNBs. But this option implies heavy signal processing at the UE’s advanced receiver in order to estimate the unknown power boosting value, and would not be a preference to majority of UE vendors. Trying to reduce the complexity of UE receive signal processing, Opt.3 assumes application of power offsets only from a limited set of values predefined in the NR specification. However, we think that this complexity reduction is partial because still multiple blind hypotheses testing is required in the implementation of the UE’s advanced receiver.
As a compromise between the flexibility for the network and complexity of UE implementation, Opt.4 can be considered. In this option, network still has freedom to choose power offset from a limited set of predefined values to boost PBCH-DMRS signals. The UE does not require to perform any kind of power offset estimation since the boosting value is signaled to it in NR-PBCH. The signaling of power offset in NR-PBCH is selected because the UE anyway has to decode the strong cell’s PBCH for its further reconstruction and subtraction to perform PBCH interference cancellation. Since the set of predefined power boosting values can be very limited, we expect that a small number of bits required to encode it, e.g., 2 bits. Based on the reasoning explained above, we prefer the following for the power offset between PBCH-DMRS and NR-PBCH data REs:
Proposal 6:
· The EPRE offset between PBCH-DMRS and NR-PBCH data REs is selected from a set of 4 predefined values and indicated to UE in NR-PBCH
· The exact values for EPRE offset between PBCH-DMRS and NR-PBCH data are FFS.

6. Placement of 3 MSB of SS Blocks within PBCH Payload
[bookmark: _GoBack][image: ]
[bookmark: _Ref492920144]Figure 5. General direction of decoding bit order for PBCH
	PBCH payload must be decoded by the UE during initial cell selection or when UE is trying to perform cell camping in IDLE mode. However, in most other UE operation in CONNECTED mode, the contents of the PBCH for both serving cell and neighbor cell is not needed. However, because the 3 bits of the SS block index could be sent as part of the PBCH payload, there would be some cases where UE may need to decoding PBCH for obtaining the 3 bits of SS block. For measurements, this seems to be quite an overhead in terms of UE processing. Just to obtain 3 bits of the SS block, UE may need to decode 48 to 72 bits of PBCH.
	Extra overhead of decoding just the SS block could be avoided if the SS Block index is positioned in the lower reliability bits or the earliest decoded bits of the polar encoder. In general, the decoding order and bit reliability are quite correlated and for description purposes we will treat them the same. An example illustration of the position of the SSB index is shown in Figure 5.
	If the SS block index is located in the earliest decoded bits, UE may be able to stop decoding the rest of the PBCH payload right after the decoding of the SSB index, position (A) in Figure 5. After decoding the SSB index bits, UE may choose the bits that is associated with the best path metric and in all likelihood would result in the correct SSB indices. Alternatively, UE may be able to stop decoding after few distritbuted CRC bits after the SSB index bits, position (B) in Figure 5. UE may be able to utilize the CRC and pathmetric of the decoded bits to find the correct bits for SSB index and stop decoding the rest of the PBCH. Lastly, this implementation does not stop UE to continue decoding until the end of the PBCH payload and CRC and verify the correct bit sequence using the entire CRC, position (C) in Figure 5.
	Additionally, in case the network is synchronized, UE do not require reading of SSB index from PBCH as it can be obtained from the reception timing of the SSB compared to the serving cell timing. In such case, positioning the SSB index in the earliest decoded bits would allow the UE to use these bits as effective frozen bits. This will allow better performance of PBCH decoding, when the UE is required to read PBCH (e.g. such as in IDLE mode).
	Based on this, we propose the following:
Proposal 7:
· The 3 MSB of SSB index to be transmitted as part of PBCH payload is located in the earliest decoded bits positions or the least reliable bit positions (among all PBCH payload) of the polar code.

7. Conclusions
In this contribution, we discussed the remaining design aspects of physical broadcast channel. Our proposals are summarized as below:
Proposal 1:
· The initialization value cinit for the PBCH-DMRS sequence is the non-linear combination of SS block time index and cell ID defined as follows:
· 

Proposal 2:
· 
The initialization value cinit for the 1st scrambling of the NR-PBCH is the non-linear combination of cell ID and a part of SFN  defined as follows:
· 
;
· 
the part of SFN  corresponds to the 3 LSB bits of SFN.
· The half radio frame index is included in the NR-PBCH payload.
Proposal 3:
· The 2nd scrambling is applied to encoded PBCH bits in a SS block.
· The 2nd scrambling code initialization is given as:
· 

Proposal 4:
· The half radio frame index is included in the NR-PBCH payload. Support only PRACH configurations with larger than 5 ms periodicity when the network is synchronized within a quarter of radio frame.
Proposal 5
· NR-SSS has a fixed power offset of 3 dB above the power level of PBCH-DMRS.
Proposal 6:
· The EPRE offset between PBCH-DMRS and NR-PBCH data REs is selected from a set of 4 predefined values and indicated to UE in NR-PBCH
· The exact values for EPRE offset between PBCH-DMRS and NR-PBCH data are FFS.
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