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1. Introduction
This contribution provides our unified PBCH design for all NR frequency bands. Below is the list of other contributions that cover the other aspects of the synchronization design:
· [1] presents our synchronization raster design
· [2] presents our views on the synchronization periodicity
· [3] presents synchronization signal design and considerations
· [5] presents PBCH channel coding considerations
2. Overview
It is desirable to have a unified NR synchronization design across different frequency bands. In this contribution, we provide our proposal where we have a unified design for the synchronization signal waveforms and the SS block, while the bandwidth and subcarrier spacing of the synchronization signals may be band-dependent. More specifically, the NR frequency bands may be classified into two categories: 
· Band category A: Synchronization signal has synchronization signal bandwidth 4.32MHz and synchronization signal SCS of 30KHz
· Band category B: Synchronization signal has synchronization signal bandwidth 34.56MHz and synchronization signal SCS of 240KHz
[bookmark: _Ref471479529]The synchronization signal bandwidth, synchronization signal frequency raster and numerology are summarized in Table 1, which are discussed in [1].
	Parameter
	Band Cat A
	Band Cat B

	Minimum carrier bandwidth (MHz)
	5
	100

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Sub-carrier spacing (kHz)
	30
	240


 Table 1: Synchronization signal bandwidth and numerology 

A synchronization signal block consists of one OFDM symbol for the primary synchronization signal (PSS) and one OFDM symbol for the secondary synchronization signal (SSS). Furthermore, the synchronization signal block may contain two OFDM symbols for the physical broadcast channel (PBCH). The synchronization signals and the physical broadcast channel within a synchronization signal block are time-multiplexed with an order provided in Figure 1. 


[bookmark: _Ref470450992]Figure 1: Unified NR synchronization signal block design
The synchronization signal sequences are identical across frequency bands. However, the subcarrier spacing of the synchronization signals is band-dependent per Table 1, as discussed in [1]. Table 2 provides our design consideration for both synchronization signals and PBCH within a synchronization signal block. The design of synchronization signals are discussed in [3].
[bookmark: _Ref470461782]Table 2: Design parameters of one Synchronization signal block
	Design parameters
	PSS
	SSS
	PBCH

	The number of OFDM symbols
	1
	1
	2

	Sequence length (or the number of used sub-carriers)
	127
	127
	127 

	The number of antenna ports
	1
	1
	1



[bookmark: _Ref462751328]3. 	NR PBCH Design Considerations
3.1 Numerology, Bandwidth and Multiplexing
The cells transmit PBCH to provide UE with the minimum system information containing essential information and configurations to obtain the system information blocks for initial acquisition procedures. In an initial acquisition procedure, UE first searches for the synchronization signals to synchronize with the cell and then decode PBCH. Since UE has no knowledge on system bandwidth after decoding synchronization signals, similar to legacy LTE PBCH, it is preferred to transmit PBCH at the same synchronization frequency location used to transmit the synchronization signals. Furthermore, PBCH could have the same numerology and bandwidth as the synchronization signals. 
Proposal 1: Transmit PBCH at the same synchronization frequency location used to transmit the synchronization signals. Furthermore, PBCH has the same channel bandwidth and numerology as synchronization signals as follows
	Parameter
	Band Cat A
	Band Cat B

	Minimum carrier bandwidth (MHz)
	5
	100

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Synchronization sub-carrier spacing (kHz)
	30
	240



A synchronization signal block consists of one OFDM symbol for the primary synchronization signal (PSS) and one OFDM symbol for the secondary synchronization signal (SSS). Furthermore, the synchronization signal block may contain two OFDM symbols for the physical broadcast channel (PBCH) which are identical. In addition, SSS is multiplexed between two PBCH symbols as shown in Figure 1. Such two identical PBCH symbols, which are separated by SSS, allow UE to refine the carrier frequency offset (CFO) estimation without first decoding PBCH. More specifically, UE can coarsely estimate the CFO based on synchronization signals and further refine the estimate by two looks of PBCH. The FTL loop based on synchronization signals and PBCH is expected to be good enough for UE to decode PBCH as well as common search space successfully in a narrow band mode e.g., RRC IDLE or RRC CONNECTED INACTIVE states. The pull-in range for FTL is [-7kHz, 7kHz] for 30kHz SS/PBCH subcarrier spacing (below 6GHz) and [-56kHz, 56kHz] for 240kHz SS/PBCH subcarrier spacing (above 6GHz).
Proposal 2: The synchronization signals and two identical PBCH symbols are time-multiplexed with an order in Figure 1.
3.2 PBCH redundancy versions and SS block timing indication
Similar to LTE, PBCH can explicitly carry part of system timing (e.g. SFN).  Then remaining timing information – such as LSB bits of SFN and/or SS block index – can be conveyed implicitly through PBCH RV (redundancy version). More details are discussed in [4]. 
Proposal 3: SS block index is indicated in NR-PBCH through the RV number.
It is desirable to allow the UE to combine PBCH transmissions from different SS blocks: indeed, multiple beams (even within burst) can excite a cluster and deliver useful signal to the UE. Moreover, multibeam sync design should provide the BS the flexibility in beam shape and beam sweep pattern, and the BS may indeed use wider or even pseudo-omni beams through a burst.
3.3 PBCH Transmission Diversity
The encoding and modulation of PBCH payload (e.g., MIB) could follow the same techniques used in LTE PBCH. From transmission perspective, the PBCH could be transmitted over multiple antenna ports for transmit diversity and coverage enhancement. In LTE, PBCH could be transmitted over single port or multiple antenna ports (e.g., 2 ports and 4 ports). At the UE side, UE performs blind detection on the number of antenna ports, which could cause unnecessary PBCH decoding latency and complexity. 
For NR, it is preferred to have the information on the number of antenna ports to be available or transparent to UE for reduction in PBCH decoding latency and complexity. The following are agreements made in RAN1 #88:
	Agreements:
· 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.



The simulations in Section 4 showed that a single antenna port transmission can outperform the two-port SFBC in low SNR region, which is indeed the interested region of synchronization acquisition. 
Proposal 4: For PBCH transmission, NR supports a single antenna port scheme which is transparent to UE.
3.4 DMRS for PBCH demodulation
In LTE, cell-specific reference signal (CRS) is broadcast and works as DMRS for demodulating PBCH. However, in NR, CRS might not be broadcast for network power saving and in keeping with lean design principles. The key question is what signal could be utilized as demodulation RS for decoding NR PBCH. In this proposal, we propose to use the secondary synchronization signal (SSS) as DMRS for PBCH demodulation. The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block. 
Proposal 5: The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block.
4. PBCH Performance Evaluation
The simulation assumptions follow single cell setup. Furthermore, RAN1-AH agreed on the following PBCH simulation assumptions:
	Agreements:
· Companies are encourage to provide evaluation results based on the following assumptions:
[image: ]
· Companies should provide exact values for following parameters:
· Payload size with CRC & Required number of REs (w/o reference signal) 
· DMRS overhead assumption if used
· Number of OFDM symbols for NR-PBCH
· Number of OFDM symbols for SS block
· Transmission bandwidth for NR-PBCH
· Periodicity for NR-PBCH
· Multiplexing of NR-PBCH in the SS block
· Subcarrier spacing
· Companies should mention if NR-PBCH implicitly convey other information, e.g. SS block timing
· Companies should provide frequency and time estimation error
· Note that above simulation assumption will not affect the decisions of channel coding scheme of NR-PBCH



Figure 2 provides the simulation results to compare the single port versus dual port SFBC. Below are the simulation assumptions:
· 30kHz SCS and NCP. In addition, PBCH transmission bandwidth is identical to SS transmission bandwidth (e.g., 127 REs)
· SSS is used as DMRS for PBCH
· The payload includes 24 information bits and 16 CRC bits
· Single short PBCH decoding.
The simulation results showed that the single port PBCH is in general better than the dual port PBCH especially when the channel delay spread becomes larger. At low SNR, the single port PBCH outperforms the dual port PBCH due to higher pilot density.
[image: ][image: ]
[bookmark: _Ref477953905]Figure 2: Single port PBCH vs. dual port SFBC
Figure 3 provides the simulation results to compare PBCH performance under 15kHz and 30kHz sub-carrier spacing options. More specifically, NCP is used, and the 30kHz numerology CP is half of 15kHz numerology CP. Furthermore, the 15kHz numerology bandwidth is half of the 30kHz numerology bandwidth since the number of REs for PBCH (e.g., 127) is identical in both options. The simulation results showed that although the 30kHz numerology CP is half of 15kHz numerology CP, PBCH performance with 30kHz numerology is not degraded even in the very long delay spread channel like CDL-C 1000ns. Indeed, PBCH with 30kHz numerology performs better than the 15kHz counterpart by ~2dB (e.g., CDL-C 100ns/300ns) due to higher frequency diversity. We have discussed our observations in [6] that 30kHz subcarrier spacing and NCP are good for PSS/SSS detection performance. As a result, we conclude that 30kHz subcarrier spacing and NCP are arguably good for PSS, SSS and PBCH detection.  
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[bookmark: _Ref477949892]Figure 3: 15kHz vs. 30kHz SCS for single port PBCH
5. Conclusion
This contribution has discussed single beam design aspects of PBCH for NR. More specifically, we have the following proposals:
Proposal 1: Transmit PBCH at the same synchronization frequency location used to transmit the synchronization signals. Furthermore, PBCH has the same channel bandwidth and numerology as synchronization signals as follows
	Parameter
	Band Cat A
	Band Cat B

	Minimum carrier bandwidth (MHz)
	5
	100

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Synchronization sub-carrier spacing (kHz)
	30
	240



Proposal 2: The synchronization signals and two identical PBCH symbols are time-multiplexed with an order in Figure 1.


Figure 1: Unified NR synchronization signal block design

Proposal 3: SS Block index is indicated in NR-PBCH through the RV number.
Proposal 4: For PBCH transmission, NR supports a single antenna port scheme which is transparent to UE.
Proposal 5: The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block.
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Channel coding scheme LTE TBCC
Other channel coding schemes are not precluded. (e.g. Polar coding)
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