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1. Introduction
This contribution provides our high-level synchronization design for the NR. More specifically, we present a unified PBCH design for all NR frequency bands. Our companion contributions, listed below, cover other aspects of the synchronization design:
· [1] presents our synchronization raster design
· [2] presents our proposed synchronization signal bandwidth and multiplexing
· [3] presents our views on the synchronization periodicity
· [4] presents synchronization signal design and considerations
· [5] presents PBCH channel coding considerations
2. Overview
It is important to discuss the design requirements for the synchronization signals before going into more detailed discussion on sequence and signal design. More specifically, we summarize our views on such design requirements and considerations for synchronization signals (SS) and physical broadcast channels in Table 1.
[bookmark: _Ref471547836]Table 1: Synchronization signal design requirements
	Aspects
	Below 6GHz Requirements
	Above 6GHz Requirements

	Use cases
	· Initial access
· Mobility/RRM
· Beam tracking
· Frequency tracking loop for narrow band mode

	Synchronization signal frequency raster
	The larger the synchronization signal frequency raster, the lower the initial access latency. Furthermore, the synchronization raster should allow synchronization signal sub-carriers to be aligned with subcarriers of data/control channels (discussed in [1])

	Initial access vs. mobility synchronization signals
	· Periodicity is the same for both initial access and mobility SS
· Waveform is the same for both initial access and mobility SS
· SS block may not always contain PBCH e.g., measurement RS (MRS) may be in the locations of PBCH instead [6]. MRS is for additional beam tracking and measurement 

	Time footprint
	· SS block should fit into slots of different numerologies up to 60kHz slot
· SS block should not overlap with uplink common burst (ULCB) and downlink common burst (DLCB) for simple implementation and desired L1 latency e.g., 250us.
· SS block should not overlap ULCB for not blocking uplink transmission.
· [bookmark: _GoBack]Theoretically it is possible to use DLCB for SS block but it is much cleaner not to touch DLCB for smooth common control RS processing and PDCCH processing. In particular, if SS block overlaps with DLCB, UE has to adjust PDCCH search space for the slots containing SS block.

	Synchronization signal bandwidth (MHz)
	Less than 5MHz
	Less than 40MHz



As RAN1 suggested, we should aim 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
The synchronization signal bandwidth, synchronization signal frequency raster and numerology are summarized in Table 2, which are discussed in [1].
[bookmark: _Ref471479529]Table 2: Synchronization signal bandwidth and numerology 
	Parameter
	Band Cat A
	Band Cat B

	Minimum carrier bandwidth (MHz)
	5
	80

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	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). The synchronization signals and the physical broadcast channel within a synchronization signal block are time-multiplexed as provided 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 2, as discussed in [1]. Table 3 provides our design consideration for both synchronization signals and PBCH within a synchronization signal block. The design of synchronization signals are discussed in [4].
[bookmark: _Ref470461782]Table 3: Design parameters of one Synchronization signal block
	Design parameters
	PSS
	SSS
	PBCH

	The maximum number of sub-carriers
	144
	144
	144

	The number of OFDM symbols
	1
	1
	2

	Sequence length (or the number of used sub-carriers)
	127
	Up to 128 depending on SSS design
	Up to 128 



[bookmark: _Ref462751328]2. 	NR PBCH Design Considerations
2.1 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
	80

	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: one PBCH symbol in the beginning of SS block and the other in the end of SS block. Such two identical PBCH symbols, which are separated by PSS and SSS, allow UE 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 [-5kHz, 5kHz] for 30kHz SS/PBCH subcarrier spacing (below 6GHz) and [-40kHz, 40kHz] for 240kHz SS/PBCH subcarrier spacing (above 6GHz).
Proposal 2: For synchronization signal (SS) block containing PBCH, the synchronization signals and two identical PBCH symbols are time-multiplexed in such synchronization signal block. Furthermore, one PBCH symbol is in the beginning of SS block and the other is in the end of SS block. 
2.2 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 to UE for reduction in PBCH decoding latency and complexity. For example, the PBCH could be transmitted over two antenna ports only using SFBC.  Another transmit diversity option is small CDD (SCDD). In addition, for high reliability, PBCH could be repeated over multiples of synchronization periodicity.
Proposal 3: For PBCH transmission, the number of antenna ports used for PBCH transmission should be available to UE for reduction in PBCH decoding latency and complexity. 
2.3 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). 
Proposal 4: SS block index is indicated in NR-PBCH through the RV number.
It is desirable to permit 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 permit 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.
2.4 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. Although SSS and PBCH are always transmitted in the same synchronization signal block, they should be sent over the same antenna ports so that SSS could be used as demodulation RS for PBCH. 
Proposal 5: For PBCH demodulation, SSS can used as a reference signal for PBCH. In particular, SSS and PBCH are transmitted over the same antenna port(s).
3. System Information Delivery
PBCH payload contains MIB which provides common control resource set/common search space configuration or provides common control resource set configuration to derive common search space [7]. After decoding the common search space, UE can obtain the minimum system information blocks (MSIB) which contains RACH configurations. Other information elements to be conveyed in MIB can be
· System frame number (SFN)
· Duplexing mode (TDD vs. FDD)
· (FFS) SI value tag
Proposal 6: PBCH payload contains MIB which provides common control resource set/common search space configuration or provides common control resource set configuration to derive common search space. 
4. PBCH Performance Evaluation
4.1 Simulation Assumptions
Below we provide preliminary PBCH link-level with SFBC, on CDL-C scaled to 30ns DS. Two-port SSS is used as DMRS for PBCH, where each port transmits the LTE SSS sequences and the two ports are CDMed [4]. SSS thus occupies 124 tones. PBCH occupied the same tones as SSS in OFDM symbols containing PBCH (see Figure 1).
4.2 Simulation Results
Figure 2 gives PBCH BLER for one-shot decoding. BLER is computed for the best beam among the 14 beams swept in an SS burst (see Table 4, AP virtualization).  Here, post-beamforming SNR is defined as the SNR seen in 12 RBs (@ 240 kHz SCS), averaged over time and the two UE antenna ports.  These results show that PBCH can carry 48 to 72 bits (including CRC).  The BLER can further improve with soft combining across SS blocks within a burst and/or across bursts (within the BCH TTI.) 
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[bookmark: _Ref471732424]Figure 2: PBCH one-shot decode performance for various TB sizes

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
	80

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Synchronization sub-carrier spacing (kHz)
	30
	240



Proposal 2: For synchronization signal (SS) block containing PBCH, the synchronization signals and two identical PBCH symbols are time-multiplexed in such synchronization signal block. Furthermore, one PBCH symbol is in the beginning of SS block and the other is in the end of SS block. 
Proposal 3: For PBCH transmission, the number of antenna ports used for PBCH transmission should be available to UE for reduction in PBCH decoding latency and complexity. 
Proposal 4: SS Block index is indicated in NR-PBCH through the RV number.
Proposal 5: For PBCH demodulation, SSS can used as a reference for two-port PBCH. In particular, SSS and PBCH are transmitted over the same antenna ports.
Proposal 6: PBCH payload contains MIB which provides common control resource set/common search space configuration or provides common control resource set configuration to derive common search space. 
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[bookmark: _Ref471669771]Table 4: Link-level evaluation assumptions
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model

	CDL-C, with delay scaling of 100, 300 and 1000 ns
	  CDL-C, with delay scaling of 30 ns

	
	ASA = 5 degree, ASD = 30 degree, ZSA = 5 degree, ZSD = 1 degree 
The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	Subcarrier Spacing(s)
	30 KHz
	  240 KHz

	SNR range
	> -8dB
	[post-beamforming] >-7dB

	UE speed
	3 km/h 
	3 km/hr, 100 km/hr

	Search window
	The time window to search (correlate) NR-PSS = periodicity of NR-SS transmission = 5 msec.

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=650, directivity 8dB)

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(2,4,2), with directional antenna element (HPBW=900, directivity 5dB)

	Antenna port virtualization
	
	 BS beam sweep: sweeping 14 directions in Azimuth,  directed towards 100 degree in Elevation
 UE beam pattern: pseudo-omni

	Frequency Offset
	zero

	Phase Rotation Model
	
	Follow the PN model of [R1-165005]

	Number of interfering TRPs 
	0 TRP
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