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1. Introduction
[bookmark: _GoBack]In this contribution, we discuss design aspects of physical broadcast channel (PBCH) including aspects of PBCH payload size, and potential content for PBCH.

2. Payload Size and Content
SFN
System frame number (SFN) is used in several aspects of PHY/MAC layer in LTE. Most notable uses are to derive the timing relationship of additional system information (including SIB1), HARQ process, DRX, SPS, and measurement gap. So PBCH design should take into account the potential bitwidth of SFN. The recent LS from RAN2 [1], states that if NR considers SFN and h-SFN (used for eDRX operations), the total number of bits required for SFN would be 18 bits.
LTE was able to support eDRX operation for MTC devices without needing to include h-SFN in the PBCH, therefore NR should be also possible to support eDRX without needing to have h-SFN in PBCH.
Implicit Mapping of SFN
In order to reduce the size of SFN carried in PBCH, LTE systems has considered implicit mapping of the 2 LSB bits of SFN into the redundancy version of PBCH. This technique is useful when coverage of PBCH is so large that single transmission instance isn’t enough to provide low code-rate. The different instances of PBCH are sent using different redundancy versions such that UE can perform combining of multiple instances for improving decoding performance. It should be noted that this gain does not come for free, and is at the cost of additional complexity at the UE side.
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[bookmark: _Ref485406863]Figure 1. Two different cases of potential PBCH combining two instances from the UE
	One of the biggest component of the PBCH combining complexity is from the fact that UE is unable to distinguish PBCH instance between two cases shown in Figure 1. Case (1) is UE receiving consecutive PBCH from two instances belonging to the same PBCH content. Case (2) is UE receiving consecutive PBCH from two instances belong to different PBCH content. Namely the SFN is different between the two PBCH. Before decoding the PBCH, the UE is unable to distinguish case (1) and case (2). Therefore, UE need to consider the possibility that the two received PBCH cannot be soft combined directly.
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[bookmark: _Ref485407929]Figure 2. Two different cases of potential PBCH combining three instances from the UE
	Furthermore, when the UE tries to perform soft combining of three PBCH instances together, UE is further conflicted as UE does not know which two instance of the PBCH is belonging to the same PBCH content. An example of this is shown in Figure 2. Even if UEs knows that at least two PBCH instance among three consecutive PBCH instance should be able to be combined directly, there is no method of knowing this before PBCH is decoded.
	Of course, UE can perform soft combining of all possible cases. However, this would be at the expense of significant complexity and large memory cost. To perform the right combining, UE would need to hold on to all the softbits of each PBCH instant separately. This would be almost equivalent to not having any implicit SFN indication, as UE may need to try soft combining of various candidates.
	Therefore, implicit mapping of SFN would only be beneficial if PBCH TTI boundary is known to the UE. For example, PBCH TTI boundary could be provided via DM-RS sequences of the NR PBCH.
Proposal 1:
· SFN bit field in the NR PBCH is proposed to be at least 7 bits.
· Implicit mapping of SFN is only supported if PBCH TTI boundary is informed prior to decoding of PBCH. One example is via DM-RS sequences of the NR PBCH. 

Value Tags & other RAN2 related signaling essential to PBCH
	Value tags or validity fields can aid UEs performing DRX cycles in to determine whether SI has changed in the system or not. Inclusion of such information should be RAN2 decision. As the number of bits required for such information is expected to be limited, we may wait for RAN2 to provide guidance on inclusion of such parameter to PBCH.
CRC
Additional aspect that impacts PBCH payload size is CRC. The CRC bitwidth is determined to meets the miss-detection, and false alarm probabilities required for the system. Overloading of information on top of CRC, such as number of antenna port indication scrambling in LTE, may cause the miss-detection and false alarm probabilities of the CRC to change. Therefore, careful analysis and comparison of different CRC bit widths and required miss-detection and false alarm probabilities should be conducted for NR. If we consider similar miss-detection and false alarm probability as LTE, it would mean NR would require 16 bits of CRC. We believe this is good baseline for evaluations for PBCH. It should be noted that if Polar code is adopted as the channel coding scheme for PBCH, we may need to increase the number CRC bits by approximately 3 bits, to compensate for the increased false alarm from the list decoding algorithms that will likely be deployed for Polar decoders.
Proposal 2:
· CRC for NR PBCH is defined as [19] bits assuming Polar code will be used. We may revisit this if significant problems are found.

SS Block Time Index Signaling
Base on analysis provide in our previous contribution [5], the number bit for SS block time index signaling will be 7 bits if explicitly signaling within the PBCH.
Observation 1:
· SS block time index signaling is 7 bits if explicitly signaled within PBCH.

System Bandwidth
It was agreed in RAN1 #88 that the NR PBCH will contain only a part of the minimum system information and the remaining system information will be carried in NR PDSCH. Because the frequency location of the SS block within the system bandwidth can be anywhere, in order to receive the NR PDSCH, the UE may need to be aware of the system bandwidth and the frequency location of the SS block within the system bandwidth. Of course, the frequency allocation of the remaining minimum system information can be indicated relative to the frequency location of the SS blocks, in such alternative, the exact system bandwidth the frequency location of the SS block is not strictly needed in PBCH.
According to the agreements made in RAN1 #88, the system bandwidth for NR can span between 5 MHz to 400 MHz. To be more flexible in terms of bandwidth usage, the number of supports bands for NR may be larger compared with LTE, although it will be up to RAN4 to determine exact the number of supported bandwidths for NR. If the supported bandwidths are defined in roughly 10 or 20 MHz increments for bandwidths between 5 and 400 MHz, we may end up with between 20 to 40 different bandwidth configurations. This would require 5 ~ 6 bits of information. 
It should be noted that system bandwidth indication may be omitted entirely, if remaining minimum system information scheduling information is provide is relatively manner from the SS block. The UE may not need to be aware of the entire system bandwidth in this case. This option may provide much more flexibility in defining new NR system bandwidths in later releases.
Observation 3:
· System bandwidth signaling may require between 5 to 6 bits, if it were to be signaled in NR PBCH.
· Not including system bandwidth in PBCH may be friendlier to future extensibility.

Frequency Location of the SS Block within the System Bandwidth
The number of bits required to indicate the frequency location indication of the SS block within the system bandwidth depends on the number of potential candidate positions of SS block. If the potential SS block location can be flexibly signaled in units of PRB, the maximum number of positions could be around 500. This is computed using the maximum FFT size limitation for NR which is expected to be either 4k or 8k. PRB level granularity of SS block position will require 9 bits of information. With sub PRB level granularity, such as candidate position only every 24 PRBs (roughly 5 MHz with 15 kHz subcarrier spacing), the number of bits for SS block frequency position may be able to be compressed to 5 bits. 
Observation 4:
· SS block frequency location signaling may require between 5 to 9 bits, if it were to be signaled in NR PBCH.

Configuration Information for the Remaining Minimum System Information (RMSI)
	It was agreed that PBCH carries the allocation of PDCCH or some form of information on how to find the PDCCH, which carries the scheduling information for the PDSCH (two step approach). 	The benefits and drawback of the two approaches are discussed in our previous contribution [2]. Because the PBCH carries the information of the control channel that scheduled the PDSCH containing RMSI, the PBCH must provide two information, control resource set (CORESET) and control monitoring occasions. The CORESET information provide the information about the time/frequency search space in which the PDCCH can be found for a given control monitoring occasion. The control monitoring occasions provide information about with what periodicity (if monitoring periodicity exist) the time/frequency search spacing should be looked into [7]. Given that there needs to be an association of the PBCH and RMSI, the usefulness of multiple control monitoring occasion may not be necessary for RMSI control signals.
	Based on our companion contribution, CORESET should be defined as minimum of 24 REGs, and be multiple of 24 REGs, and configurable number of OFDM symbols for CORESET are {1,2,3,[4]} [6]. To indicate the exact CORESET time/frequency location, PBCH would have to carry frequency location information of the CORESET, frequency and time resource size of the CORESET. If we simply divide up the widest system bandwidth with minimum CORESET REGs, we would have about 14 different positions. In addition, we would need the signal size (number of REGs) of the CORESET. Together there may be up to 91 different combinations, required approximately 7 bits of information. The configuration number of OFDM symbol for the CORESET would require additional 2 bits of information. The estimate described here is when the PBCH provides fully flexibility in configuring the CORESET for RMSI. For optimizing PBCH contents, we may want to further compress the required number of bits by limiting the configurations to some combinations of the frequency locations and number of OFDM symbols.

Observation 5:
· PBCH carries CORESET information of the PDCCH scheduling PDSCH that contains the RMSI.
· Only single control monitoring occasion is configured for the CORESET for RSMI.
· The indication of the remaining system information may require approximately 9 bits.
· Additional optimization and compression could be feasible by limiting the configurations.

Configuration Information for PRACH transmission
	The number of bits required to indicate the resource for PRACH is much more than any of the bit fields. NR has agree that the network signals the time/frequency/code resources for the PRACH preamble. Furthermore, there may be more than one subcarrier spacing for the PRACH supported for a given carrier frequency. The beam sweeping operation also may impose multiple resource allocation for PRACH, and provide further information about the control resources the UE needs to know for receiving the RAR in the downlink. Even with optimized signaling, all the necessary information needed to indicate PRACH preamble and resource allocation seems to be very large.
	In addition to the large signaling overhead for PRACH preamble and resource allocation, UE will need to read list of PLMNs, value tags, and cell camping parameters before sending PRACH transmission. Therefore, having the PRACH preamble and resources in the PBCH does not help the UE to start transmitting PRACH only after NR PBCH reception.
Observation 6:
· PRACH can be only sent after the UE has completed received all the minimum system information.
· Number of bits required to signal the PRACH preamble and resources is quite significant.
Proposal 3:
· NR PBCH does not carry information related to PRACH preamble and PRACH resources.

Subcarrier Spacing of RMSI/Paging/RAR
In general the subcarrier spacing of control and data may be different from that of SS blocks. The main issue is that simultaneous decoding of signals with different subcarrier spacing results in significant increase in receiver complexity. However, there will be cases where connected UEs is required to read the MSI, or other SI. In such case, UE may need to simultaneously receive regular control and data, while also receiving SI. Therefore, it may be important to align subcarrier spacing of RMSI/Paging/RAR with regular control and data transmission. This allows efficient multiplexing of signals between regular control and data and RMSI, paging, and RAR.
For indicating the subcarrier spacing, 2 to 3 bits may be needed. The mapping of subcarrier spacing information can be dependent on carrier frequency or SS block subcarrier spacing to further compress the required number of bits.
Proposal 4:
· NR PBCH carries subcarrier spacing information of RMSI/Paging/RAR.

NR PBCH Content Summary and Estimation of NR PBCH size
The following information may be included in NR PBCH:
· SFN: [18] bits (depends on RAN2 decision [1])
· SS Block Time Index: 3 or 6 bits + 4 bits to indicate part of SFN.
· System Bandwidth: 5 ~ 6 bits
· SS Block Frequency Position Index: 5 ~ 9 bits
· Configuration information for RMSI: 9 bits
· Reserved bits for future use: [4] bits
· CRC: [19] bits
Only including the very essential parts of the above fields, SFN (18), RMSI scheduling (9), reserved bits (4), and CRC (19) is already 50 bits at the smallest projected size. If we were include information such as SS block time index (3 or 6), system bandwidth (5), and SS block frequency position index (5) on top of this the PBCH would be approximately 66 bits even with a conservative projection of the field sizes. It should be noted that for some fields it may be possible to further optimize the bitwidth of the fields. However, in more cases this would be at the expense of putting more restrictions and careful trade-off analysis needs to be made. This is quite significant number of bits compared to LTE, where by contrast the LTE PBCH was 40 bits including CRC.
Proposal 5:
· PBCH includes the following RAN1 bit fields:
· SFN: [7~10] bits
· Time index signaling : [0 or 7] bits
· Configuration information for RMSI: [9] bits
· SCS of RMSI/Paging/RAR: [3] bits
· Reserved bits:  [8] bits
· CRC: [19] bits
· Note that inclusion of value tags or other essential information requested by RAN2 is not prohibited.


3. Conclusions
In this contribution, we discussed the various aspects on physical broadcast channel. Our proposals are summarized as below:
Observation 1:
· SS block time index signaling is 7 bits if explicitly signaled within PBCH.
Observation 2:
· System bandwidth signaling may require between 5 to 6 bits, if it were to be signaled in NR PBCH.
· Not including system bandwidth in PBCH may be friendlier to future extensibility.
Observation 3:
· SS block frequency location signaling may require between 5 to 9 bits, if it were to be signaled in NR PBCH.
Observation 4:
· PBCH carries CORESET information of the PDCCH scheduling PDSCH that contains the RMSI.
· Only single control monitoring occasion is configured for the CORESET for RSMI.
· The indication of the remaining system information may require approximately 9 bits.
· Additional optimization and compression could be feasible by limiting the configurations.
Observation 5:
· PRACH can be only sent after the UE has completed received all the minimum system information.
· Number of bits required to signal the PRACH preamble and resources is quite significant.


Proposal 1:
· SFN bit field in the NR PBCH is proposed to be at least 7 bits.
· Implicit mapping of SFN is only supported if PBCH TTI boundary is informed prior to decoding of PBCH. One example is via DM-RS sequences of the NR PBCH. 
Proposal 2:
· CRC for NR PBCH is defined as [19] bits assuming Polar code will be used. We may revisit this if significant problems are found.
Proposal 3:
· NR PBCH does not carry information related to PRACH preamble and PRACH resources.
Proposal 4:
· NR PBCH carries subcarrier spacing information of RMSI/Paging/RAR.
Proposal 5:
· PBCH includes the following RAN1 bit fields:
· SFN: [7~10] bits
· Time index signaling : [0 or 7] bits
· Configuration information for RMSI: [9] bits
· SCS of RMSI/Paging/RAR: [3] bits
· Reserved bits:  [8] bits
· CRC: [19] bits
· Note that inclusion of value tags or other essential information requested by RAN2 is not prohibited.
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