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1. Introduction
This contribution provides our high-level synchronization design for the NR bands (both sub-6GHz and over 6GHz bands). More specifically, we present a unified synchronization signal design for all NR 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 PBCH design and 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 (specially for above 6GHz bands)
· Frequency tracking loop for narrow band mode

	Synchronization signal frequency raster
	The larger synchronization signal frequency raster, the lower 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


	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.
· 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. However due to some fundamental differences in the nature and requirements of different bands (e.g. mmWave vs sub-6GHz bands), we may not have a single synchronization design that works properly for all 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 #1: Synchronization signal has synchronization signal bandwidth 4.32MHz and synchronization signal SCS of 30KHz
· Band category #2: 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 [2].
[bookmark: _Ref474108210]Table 2: NR synchronization bandwidth, and numerology
	Parameter
	Band Category #1
	Band Category #2

	Minimum carrier bandwidth (MHz)
	5
	80

	Synchronization frequency raster (MHz)
	4.68 (if channel raster is 120kHz) or 4.5 (if channel raster is 300kHz)
	36

	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). 
RAN1 #87AH agreed to the following,
	Agreements:
· At least for single beam scenario, time division multiplexing of PSS and SSS is supported.
Working assumption: 
· Time division multiplexing of PSS and SSS is supported for multiple beam scenario



Following this agreement and further discussions in [2], we proposed the synchronization signals and the physical broadcast channel within a synchronization signal block are time-multiplexed as 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 as discussed in [2]. Table 3 provides our design consideration for both synchronization signals and PBCH with a synchronization signal block. The design of PBCH are discussed in [4].

[bookmark: _Ref470461782]Table 3: Synchronization signal block design parameters
	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 depending on code rate and repetition



Proposal 1: RAN1 considers designing a synchronization signal block with design parameters provided in Table 3.
3. Synchronization Signals
The following two agreements were achieved during RAN1 #87AH,
	Agreements:
· NR defines at least one basic sequence length for each synchronization signal in case of sequence-based synchronization signal design
· Down-select from following candidates based on at least subcarrier spacing and bandwidth consideration for synchronization signals
· Alt.1: sequence length is about 255
· Alt.2: sequence length is about 127
· Alt.3: sequence length is about 63
· Note even number is not precluded
· Note that this is total length of basic sequence that may be constructed by concatenation of multiple sequences like LTE-SSS
· Striving for the design where NR-SS for different usage scenario (e.g., different frequency range) can be generated by using basic sequence length (e.g., applying different subcarrier spacing value)
· FFS: repetition/concatenation of same or different sequence with the same basic sequence length in frequency domain, repetition/concatenation of same or different sequence with the same basic sequence length in different OFDM symbols, single basic sequence mapped to multiple OFDM symbols, mapping the basic sequence to every N subcarriers, defining additional longer sequence than basic sequence
· FFS on message-based synchronization signal design


	Agreements:
· Down-select the number of NR cell IDs in PSS and SSS from
· Alt 1: 504
· Alt 2: about 1000 to 2000
· Alt 3: 600
· Note that other information is not excluded from PSS/SSS
· Down-select from the following alternatives on the number of NR-PSS sequence(s):
· Alt 1: One
· Alt 2: Two
· Alt 3: Three
· Alt 4: Four
· Alt 5: Six
· Companies are encouraged to evaluate and down-select from the above alternatives in the next meeting.



As discussed in [2] and shown in Table 3, we proposed each of the synchronization signals and the physical broadcast channel occupies about 127 subcarriers in a given symbol (i.e., Alt2: sequence length is about 127). In what follows, we provide our design for PSS and SSS signals, and discuss the number of PSS sequences and NR cell IDs.

3.1 Primary Synchronization Signal
The sequence for the primary synchronization signal (PSS) is to support UE in acquiring the symbol timing and coarse frequency offset estimation. 
The legacy rel-8 PSS sequence design is based on a 63-length Zadoff-Chu sequence, with 3 different roots. We notice that position of the ZC sequence correlation peak may shift in the presence of large frequency offsets. Although this potential issue, if not properly addressed, may affect the initial cell acquisition performance, we propose to adopt a ZC-based design for NR-PSS for its good correlation properties, specific structure that allows an efficient correlator implementation with reduced complexity, and more importantly its low PAPR.
In what follows, we discuss how this potential issue can be properly addressed. We first note that larger subcarrier spacing is proposed to be adopted for NR synchronization (i.e., 30KHz for sub-6GHz, and 240KHz for above-6GHz). This increased subcarrier spacing reduces the vulnerability of PSS signal to a large initial carrier frequency offset – 5ppm CFO corresponds to respectively 1 and 0.625 subcarrier spacing (SCS) at 6GHz and 30GHz with the proposed SCS values. The searcher algorithm at the UE can further take care of this issue by applying a few coarse CFO hypotheses during the initial acquisition, and also utilizing the received SSS signal to identify and discard the false hypotheses.
We hence propose that PSS is generated from a frequency-domain ZC sequence of length 127 (Alt. 2) according to



where is the ZC root index. Note that no specific DC tone is considered.
The number of the PSS sequences should be small for reasonable trade-off between PSS/SSS detection complexity and performance. Although having a single PSS sequence can reduce the PSS detection complexity, it may adversely affect the sync performance in a number of ways: (1) increasing the number of SSS sequence hypotheses increases the chance of false detection. That is a larger SSS correlation threshold is needed, that will reduce the SSS detection probability at low SNR (please refer to the next section for some performance results), (2) in a multi-cell synchronous deployment, the UE receives a [superimposed] PSS sequence with potentially a very large effective delay spread, that can largely degrade the SSS detection performance, (3) SSS cannot anymore be coherently detected using PSS as its pilot.
For the above reasons, we propose the number of PSS sequence to be 3 as in legacy LTE. Note that if two ZC sequences are conjugate of each other (roots  and , such that ), the PSS detection complexity of such two sequences may be greatly reduced. 

The root indices should be carefully selected for achieving good PSS detection performance. Two main criteria to choose the ZC root index are (1) low PAPR, (2) good auto- and cross-correlation performance in the presence of frequency offset. Figure 2 compares different ZC roots, for a 127-length ZC sequence, based on the above two criteria. More specifically, the power of max PSS correlation (across different time shifts) is shown when the frequency offset is equal to 1 or 2 subcarrier spacing. 
[image: ][image: ]
[bookmark: _Ref474093367]Figure 2: Comparison of 127-length ZC sequence roots; (a) Max correlation power with large CFO and (b) PAPR

From Figure 2, we observe ZC roots {42, 44, 83, 85} are good candidates. 
[image: ]
Figure 3: Max PSS correlation power vs carrier frequency offset for ZC roots 42 and 44
	Max cross-correlation (|CFO|<=2SCS) [dB]

	ZC roots
	42
	44
	83
	85

	42
	0
	-14.3
	-15.8
	-16

	44
	-14.3
	0
	-14.5
	-15.8

	83
	-15.8
	14.5
	0
	-14.3

	85
	-16
	-15.8
	-14.3
	0



	ZC roots
	PAPR (dB)

	42
	2.85

	44
	3.19

	83
	3.19

	85
	2.85


  
Proposal 2: PSS sequences are frequency-domain Zadoff-Chu sequences of length 127. 
· The number of PSS sequences is 3, including a pair of conjugate Zadoff-Chu sequences, selected from {42, 44, 83, 85}.
3.2 Secondary Synchronization Signal
RAN1 #87 achieved the following agreement about the NR SSS design,
	Agreements:
· For NR-SSS
· Study the following alternatives for NR-SSS sequence design:
· Alt 1: interleaving two M-sequences without scrambling using ID in PSS (no cell ID in NR-PSS).
· Alt 2: interleaving two M-sequences with scrambling using ID in PSS as in LTE.
· Alt 3: a root sequence cyclically shifted in time and/or frequency domain.
· E.g. ZC-sequence or M-sequence with cyclic shifts.
· Alt 4: message-based transmission (CRC and/or channel coding based). 
· Alt 5: element-wise multiplication of the ZC-sequence and PN-sequence with cyclic shifts. 
· Other alternatives are not excluded.  
· Study the following alternatives on the NR-SSS sequence length:
· Alt 1: using sequence whose length is longer than LTE.
· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.
· Alt 2: using the same NR-SSS sequence length as in LTE.
· Study the following alternatives on the sequence repetition/interleaving:
· Alt 1: no repetition.
· Alt 2: time-repetitive signal of NR-SSS within or across OFDM symbols.
· Alt 3: frequency-repetitive sequences of NR-SSS within an OFDM symbol (element-wise or sequence-wise).
· Alt 4: frequency interleaved sequence of NR-SSS using comb structure within a OFDM symbol.



The secondary synchronization signal (SSS) is to convey the physical cell IDs. Furthermore, different from LTE SSS, NR SSS may be used as reference signal for PBCH demodulation as discussed in [4], and may also be used for RRM measurements when UE is in RRC-Idle or RRC-CONNECTED INACTIVE/ACTIVE states [5].
The physical cell ID can be signalled in SSS only or in both PSS and SSS. As discussed in the previous section, the physical cell IDs should be jointly signalled in both PSS and SSS for better design trade-off. Note that although we propose to adopt 3 PSS sequences, the design should allow to carry the full physical cell ID using SSS sequence – like LTE rel-8 design where 504*2 different SSS sequences are defined (504 cell IDs and 2 subframe indices within a LTE frame). Otherwise, there is a high chance of false cell id detection in a synchronous deployment when two cells with different PSS ids are transmitting sync signals on the overlapping resources. 
Furthermore, from forward compatibility viewpoint e.g., for enabling uplink-based mobility [10], we should design the synchronization signals to support more than 504 physical cell IDs. More specifically, uplink-based mobility is envisioned to have concept of zone (consisting of synchronized cells/TRPs) and zone ID (all cells/TRPs under same zone have the identical zone ID). For enabling uplink-based mobility framework, zone-specific synchronization signals are required. It is envisioned that such zone-specific synchronization signals should have the same design as the cell-specific synchronization signals. As a result, we use 504 IDs for cell ID signalling and reserve a portion of IDs (e.g., 96 IDs) for zone ID signalling.
Proposal 3: The number of physical cell ID is 600. In addition, the physical cell ID is jointly signaled via both PSS and SSS.
From implementation perspectives, the sequences for secondary synchronization signal are constructed based on m-sequences to enable fast m-sequence transform [6] at the UE. In addition, since SSS is envisioned to work as reference signal for PBCH demodulation, the antenna ports for SSS transmission are identical to the antenna ports for PBCH transmission. 
Proposal 4: SSS is constructed based on m-sequences. Furthermore, the antenna ports for SSS transmission are identical to the antenna ports for PBCH transmission.
· The choice of 2-port SSS transmission method is FFS.
[bookmark: _Ref474095466]4. 	Performance Evaluation
This section provides link-level sync performance results. The simulations use the RAN1-agreed link-level simulation assumptions which are provided in Table 4. 
4.1 Below 6GHz Synchronization Signal Performance
The main goal of the simulation results is to show that 30kHz subcarrier spacing and corresponding NCP are good enough for below 6GHz synchronization signals as demonstrated in Figure 3. The simulations are based on single cell setup where 
· The PSS/SSS are LTE PSS/SSS of length 63 with scalable subcarrier spacing (15kHz, 30kHz and 60kHz). In addition, the CP w.r.t the subcarrier spacing is also scaled accordingly.
· The timing and carrier frequency (CFO) are randomly selected in each trial. 
· The simulation is based on single-shot detection.
It is also observed that the CFO and timing estimation performance are comparable across different subcarrier spacing. We don’t provide timing and CFO estimation performance here due to the length of the paper. Furthermore, we also compared the performance of NR SS (30kHz SCS NCP and 127 tones) with LTE SS (15kHz SCS NCP and 63 tones) in EPA/EVA channels (Figure 5). It is observed that NR SS design has 3-4dB gain compared to LTE SS since NR SS has double RE resources and larger bandwidth.
[image: ] [image: ]
CDL-C 100ns DS, 3km/h                                                                   CDL-C 300ns DS, 3km/h
[image: ]
CDL-C 1000ns DS, 3km/h
[bookmark: _Ref471671086]Figure 4: Below 6GHz simulation results
[image: ]
[bookmark: _Ref474162953]Figure 5: NR SS with 30kHz SCS vs. LTE SS
4.2 Above 6GHz Synchronization Signal Performance 
The simulation configuration is aligned with the agreed evaluation assumptions in [7] and [8] (summarized in Table 4) for a 30GHz system. In our simulation, we assumed the orientation of the BS and UE antenna panels are respectively (0,0,0) and (180,0,0), i.e., the two panels are facing each other but located at different heights. The detection threshold is chosen to achieve at most ~1% false alarm probability. The latency is the time to declare a successful detection of the cell id (not including the PBCH decoding). The SSS design is an LTE rel-8 like SSS sequence with 2-port transmission (similar to the design presented in [9]). The PSS design is based on a 127-length ZC sequence, and we compare the performance of two designs with (a) a single PSS sequence, and (b) 3 PSS sequences. 
The results of the synchronization latency and residual frequency error are provided respectively in Figure 7 and Figure 8.
Observation: The proposed design with 3 PSS sequences performs better than the design with a single PSS sequence, due to reduced false SSS detection probability. 
 [image: ] 
[bookmark: _Ref471724764]Figure 6: Synchronization latency
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[bookmark: _Ref471724768]Figure 7: Residual frequency error

Note, as discussed in [2] and shown in Figure 7, the two PBCH symbols in the TDM design can be used to refine the CFO estimation. Although in generating the results in Figure 7 we assumed UE uses the regenerated PBCH symbols (after a successful decoding), we argued that if the two PBCH symbols within a SS block are the same then UE does not need to decode PBCH first and can directly use this repeating structure to refine its CFO estimation. This is especially beneficial to reduce the processing complexity of the UEs while guaranteeing very reasonable performance at a medium to large SNR range.  Below compares the CFO estimation performance using the PBCH symbols before and after decoding.
[image: ]
Figure 8: PBCH-based CFO estimation 
5. 	Conclusion
This contribution discusses design considerations for NR synchronization signals. More specifically, the following proposals are made:
Proposal 1: RAN1 considers designing a synchronization signal block with design parameters provided in Table 3.
Table 3: Synchronization signal block design parameters
	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 depending on code rate and repetition



Proposal 2: PSS sequences are frequency-domain Zadoff-Chu sequences of length 127. 
· The number of PSS sequences is 3, including a pair of conjugate Zadoff-Chu sequences, selected from {42, 44, 83, 85}.
Proposal 3: The number of physical cell ID is at least 600. In addition, the physical cell ID is jointly signaled via both PSS and SSS.
Proposal 4: SSS is constructed based on m-sequences. Furthermore, the antenna ports for SSS transmission are identical to the antenna ports for PBCH transmission.
· The choice of 2-port SSS transmission method is FFS.
We also provided simulation results to evaluate the sync performance of our proposed design for both sub-6 GHz and above-6 GHz bands, and made the following observation,
Observation: The proposed design with 3 PSS sequences performs better than the design with a single PSS sequence, due to reduced false SSS detection probability.
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	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] -6dB, -9dB

	UE speed
	3 km/h 
	3 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
	· Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5 ppm 

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

	Number of interfering TRPs 
	0 TRP
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