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1. Introduction
In this contribution, we discuss design aspects of physical broadcast channel (PBCH) including aspects of PBCH payload size, potential content, and antenna port configurations 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 HSFN (used for eDRX operations), the total number of bits required for SFN would be 18 bits.
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.
Observation 1:
· SFN bit field in the NR PBCH will be between 8 ~ 18 bits.
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.
Proposal 1:
· CRC for NR PBCH is defined as 16 bits. We may revisit this if significant problems are found.

SS Block Time Index Signaling
In RAN1 #88, the potential maximum number of SS block candidate position was limited to 127. The SS block time index should at the very least provide unique identification of OFDM symbol and slot index within the radio frame of 10 ms. Of course this may depend on whether SS blocks belonging to the same SS burst set spans over more than 10 ms or not. Given the agreement that RAN1 recommends shorter measurement duration of SS blocks are shorter than the configured periodicity, e.g., 1, 5 or 10 ms. The maximum number of SS block time index signaling is likely to be limited to 127, which requires 7 bits.
Observation 2:
· SS block time index signaling is likely to be limited to at most 7 bits, if it were to be included in NR 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. 
Observation 3:
· System bandwidth signaling may require between 5 to 6 bits, if it were to be signaled in NR PBCH.

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)
	The signaling method of the RMSI can be classified into two options.
Option 1) PBCH carries the direct allocation information of the PDSCH carrying RMSI (single step approach)
Option 2) 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 companion contribution [2]. In this discussion, we assume option 1 is adopted as option 1 will require larger number of bits. According to the estimates [2] the total this amounts to 15 ~ 27 bits.
Observation 5:
· The indication of the remaining system information may require between 15 to 27 bits.

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. Unlike LTE, 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 2:
· NR PBCH does not carry information related to PRACH preamble and PRACH resources.

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: 7 bits]
· [System Bandwidth: 5 ~ 6 bits]
· [SS Block Frequency Position Index: 5 ~ 9 bits]
· Configuration information for RMSI: 15 ~ 27 bits
· [Configuration for PRACH: numerous]
· Reserved bits for future use: 4 bits
· CRC: 16 bits
Only including the very essential parts of the above fields, SFN (18), RMSI scheduling (15), reserved bits (4), and CRC (16) is already 53 bits at the smallest projected size. If we were include information such as SS block time index (7), system bandwidth (5), and SS block frequency position index (5) on top of this the PBCH would be 70 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.
Therefore, to limit the dimensioning of the PBCH and provide on the essential information: SFN (<= 18 bits), configuration information for RMSI (<= 24 bits), reserved bits for future use (<= 4 bits), and CRC (16 bits), totaling PBCH size to be strictly less than 62 bits.
Proposal 3:
· PBCH only includes the following RAN1 bit fields:
· SFN: ≤ 18 bits
· Configuration information for RMSI: ≤ 27 bits
· Reserved bits: ≤ 4 bits
· CRC: 16 bits
· Note that inclusion of value tags or other essential information requested by RAN2 is not prohibited.
· The remaining minimum system information additionally carries system bandwidth and SS block frequency location information.

3. Antenna Ports & Transmit Diversity Scheme
In NR Ad-hoc #1 and RAN1 #88 meeting, the following were agreed for PBCH.
· No blind detection of NR-PBCH transmission scheme or number of antenna ports is required by the UE
· For NR-PBCH transmission, a single fixed number of antenna port(s) is supported
· For NR-PBCH transmission, NR supports a single transmission schemes selected from following schemes:
· A single antenna port based transmission scheme 
· Two antenna port based SFBC.

In our companion contribution [2], we have evaluated different transmit diversity schemes using MMSE-IRC receivers. With MMSE-IRC receivers and with code-rate with 1/5, precoder cycling methods provide better performance compared to SFBC in interference limited scenarios and provides similar performance to SFBC in noise limited scenarios. This is because rank 1 transmissions allows further reduction of interference as MMSE-IRC receivers are able to suppress interference to wider receive null spaces.
However, it should be noted that PRB-level precoder cycling is only possible if there is a dedicated DM-RS for PBCH and the antenna port between SSS and DM-RS of PBCH is not shared. This is because PRB-level precoder cycling of SSS will have significant implication in detection of the SSS. 
In case of precoder vector switching (PVS), where frequency flat precoding is applied to PBCH and different precoding is applied to different redundancy versions of PBCH is only valid if there are multiple instances of PBCH with identical contents. Therefore, this may be only valid for cases where UE combines multiple PBCH instances with identical contents. The added benefit of the PVS is that SSS can be used as DM-RS for PBCH in case TDM multiplexing between SSS and PBCH is used.
SFBC is likely more robust transmission scheme. However, the additional overhead for DM-RS for two antenna ports needs to be taken into account. When PBCH is TDM with SSS, the SSS can be used as DM-RS of PBCH. 
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[bookmark: _Ref474178099][bookmark: _Ref474178082]Figure 1. Example of three different Antenna Port (AP) sharing options between NR SSS and NR PBCH
If NR SSS antenna port is shared with NR PBCH, it is very likely that NR SSS may be utilized in the channel estimation process for demodulating NR PBCH. Figure 1 shows some examples of antenna port sharing possibilities between NR SSS and NR PBCH. In the example, we assumed NR PBCH requires two antenna ports, and NR SSS requires single antenna port for option (a) and (b) and two antenna port for option (c). Note that partial or full AP sharing only is feasible if TDM between PSS/SSS and PBCH is used.
One potential issue for full AP sharing between SSS and PBCH is that this implies SSS is broken into at least two parts. This reduces effective length of the sequence of SSS by half, as the entire length of the correlated values cannot be coherently combined. Therefore, option (c) full AP sharing may not be an attraction solution.
	Based on these aspects, if TDM between PSS/SSS and PBCH is used, we prefer to support either (i) single antenna port PBCH with slot-level precoder cycling with SSS as DM-RS, or (ii) two antenna port SFBC PBCH with SSS as DM-RS of one of the antenna port. 
Our companion contributions [3] and [4] showed comparison of transmit diversity scheme under various conditions. The NR-PBCH is expect to target code rate in the order of 1/24. In such low code rate regime, where the NR-PBCH will likely span 25 PRB or more, SFBC seems to provide limited benefits. Therefore, we propose to support single antenna port transparent transmit diversity scheme for NR PBCH.

Proposal 4:
· Single antenna port transmit diversity scheme is used for NR-PBCH


4. Conclusions
In this contribution, we discussed the various aspects on physical broadcast channel. Our proposals are summarized as below:
Observation 1:
· SFN bit field in the NR PBCH will be between 8 ~ 18 bits.
Observation 2:
· SS block time index signaling is likely to be limited to at most 7 bits, if it were to be signaled in NR PBCH.
Observation 3:
· System bandwidth signaling may require between 5 to 6 bits, if it were to be signaled in NR PBCH.
Observation 4:
· SS block frequency location signaling may require between 5 to 9 bits, if it were to be signaled in NR PBCH.
Observation 5:
· The indication of the remaining system information may require between 15 to 27 bits.
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 1:
· CRC for NR PBCH is defined as 16 bits. We may revisit this if significant problems are found.
Proposal 2:
· NR PBCH does not carry information related to PRACH preamble and PRACH resources.
Proposal 3:
· PBCH only includes the following bit fields:
· SFN: ≤ 18 bits
· Configuration information for RMSI: ≤ 27 bits
· Reserved bits: ≤ 4 bits
· CRC: 16 bits
· The remaining minimum system information additionally carries system bandwidth and SS block frequency location information.
Proposal 4:
· [bookmark: _GoBack]Single antenna port transmit diversity scheme is used for NR-PBCH
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