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1 Introduction
During RAN1#86 meeting, the following agreements were made regarding new RAT (NR) synchronization signal design in terms of subcarrier spacing, a waveform, and transmission bandwidths [1]: 
Agreements:
· For subcarrier spacing of each synchronization signal (e.g. NR PSS,SSS) in a NR carrier, the following alternatives should be studied

· Alt 1: Subcarrier spacing is predefined in the specification for a given frequency range

· Ex: 15kHz for sub-6GHz, 60kHz for over-6GHz
· Note that there are more than one frequency ranges
· Alt 2: Subcarrier spacing is selected by NR BS
· FFS: Details on the set of possible numerologies

· Note: Blind detection of multiple numerologies can be considered

· Alt 3: Single subcarrier spacing is predefined in the specification for all frequency ranges

· Other alternatives are not precluded

· NR synchronization signal is based on CP-OFDM

· Note that DFT-spread-OFDM based design is not precluded
· At least one transmission bandwidth within a carrier bandwidth can be specified for transmission of each synchronization signal and at least some essential system information.

· The transmission bandwidth may be specified either differently according to the frequency range or the same across the frequency ranges

· FFS: transmission bandwidths for each synchronization signal and at least some system information are same or not

· FFS: the transmission bandwidth and the corresponding numerology

· FFS: whether the used transmission bandwidth is blindly detected by UE from specified bandwidths according to the frequency bands
In this document, we discuss further details on NR synchronization signal design. 
2 Synchronization signal 
Similar to LTE, the NR can also employ sequence based synchronization signals to indicate a cell identity (ID) and two types of synchronization signals (PSS and SSS) to achieve robust coarse timing and frequency acquisition initially. 
2.1 Design consideration for common PSS/SSS

It is desired that structure of synchronization signals is common as much as possible even with support of mixed numerologies and for a wide range of operating frequencies. A common set of PSS/SSS sequences for all operating frequency bands would allow a UE to employ similar or common baseband processing for all the operating frequency bands. One PSS/SSS which can be used for cell identification (i.e. acquiring timing and frequency information, and determining a cell identity) by all or a majority of UE classes and by UEs with various operation modes can reduce synchronization signal overhead, since it can avoid multiple transmissions of different PSS/SSS in a cell. Additionally, it may save system design and implementation efforts. 
Considering one PSS/SSS shared by all or most of the UEs in the cell, it may not be clear how to set a subcarrier spacing and a transmission bandwidth of the common PSS/SSS. If 15KHz subcarrier spacing and approximately 1MHz transmission bandwidth are assumed for PSS/SSS, synchronization signals may not provide sufficient timing synchronization accuracy for data and/or control channels with 60KHz subcarrier spacing. On the contrary, if PSS/SSS are always transmitted with 60KHz subcarrier spacing and ~4MHz transmission bandwidth, radio resources would be wasted for cells only configured with 15KHz subcarrier spacing for data/control channels. Furthermore, UEs with limited operating bandwidth capability, e.g. low cost machine-type communication (MTC) UEs, may not be able to detect the PSS/SSS. A network may select a subcarrier spacing of PSS/SSS based on configured subcarrier spacings of data/control channels in the cell. However, this may require the UE to blindly detect the subcarrier spacing used for PSS/SSS transmission, which would potentially result in higher UE receiver complexity, increased cell search time, and degradation in cell detection performance. Thus, it is desired that the subcarrier spacing, subcarrier mapping, and the transmission bandwidth for PSS/SSS are predefined and known to the UE as in LTE.

The predefined subcarrier spacing and transmission bandwidth of PSS/SSS need to be determined by taking into account the minimum UE hardware capability (e.g. operating bandwidth, phase noise characteristics) for the majority of UE classes/types and the minimum required timing accuracy. For sub-6GHz frequency band, 15KHz subcarrier spacing and ~1MHz transmission bandwidth would be good candidates, as they are suitable for most of UEs’ operating conditions including MTC UEs. As the power spectral density of local oscillator phase noise changes over carrier frequencies and impact of the phase noise is much more significant in high frequency bands, the minimum supportable subcarrier spacing is expected to be dependent on operating frequencies. For above-6GHz frequency band, the subcarrier spacing of PSS/SSS may be set to be close to the minimum supportable subcarrier spacing for a given carrier frequency range, and the transmission bandwidth of PSS/SSS is set to provide relative timing accuracy with respect to symbol duration similar to the one for sub-6GHz frequency band.   
Proposal 1: PSS/SSS are transmitted with a subcarrier spacing and a transmission bandwidth predefined in the specification for a given carrier frequency range. 

2.2 Frequency location of PSS/SSS

In a cell configured with multiple subcarrier spacings, a fixed location of PSS/SSS may cause a large guard band overhead between allocations of different subcarrier spacings or impose restriction on resource allocation for a certain subcarrier spacing. Thus, flexibly placing the PSS/SSS in the frequency domain according to frequency-domain resource allocation of the configured subcarrier spacings would be desired. Furthermore, the location of PSS/SSS can provide additional information of the cell. For example, a cell ID can be determined by combination of PSS/SSS and the location information of PSS/SSS. This will provide the increased number of supportable cell IDs without increasing the number of PSS/SSS sequences.
Proposal 2: PSS/SSS can be placed flexibly on one of predefined frequency locations within a carrier bandwidth. 

2.3 Extended PSS

Since the predefined subcarrier spacing and transmission bandwidth of PSS/SSS are set to be optimized for a baseline subcarrier spacing (e.g.15KHz) or the minimum supportable subcarrier spacing for a given carrier frequency range, a UE using a higher subcarrier spacing (e.g. 60KHz) for data/control channels may need additional synchronization signal to obtain similar relative timing accuracy. One way to minimize the increase of synchronization signal overhead is to extend PSS in the frequency domain by appending an additional sequence (as shown in Figure 1), only if a subcarrier spacing of data/control channels larger than a subcarrier spacing of PSS is configured in a cell. The transmission bandwidth of the extended PSS is determined to provide at least similar relative timing accuracy with respect to symbol duration for all configured data/control channel numerologies. As the UE uses only the baseline PSS (i.e. non-extended PSS) for cell detection, the additionally appended sequence neither increases UE cell detection complexity nor impacts bandwidth limited UEs camping on the cell.
Proposal 3: PSS can be flexibly extended to provide similar relative timing accuracy for all configured data/control channel numerologies. 
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Figure 1 Illustration of extended PSS for various numerology configurations in a cell

2.4 PSS/SSS parameters
Table 1 presents candidate synchronization signal parameters taking into account the flexible bandwidth PSS structure. One length-15 Zadoff-Chu (ZC) sequence is used for a baseline PSS sequence (denoted as ZC1), and a length-18 (denoted as ZC2) or length-54 (denoted as ZC2’) ZC sequence is used for an appended PSS sequence. The resulting extended PSS is mapped to a wider frequency band for increased timing estimation accuracy. In order to handle a potential large frequency offset (e.g. 10-20 ppm) observed during initial access (as shown in Figure 2 and Figure 3), PSS sequences are mapped on every 4th subcarrier. This can reduce the number of hypotheses on frequency offset when coarse timing and frequency information is acquired. An SSS sequence is mapped to consecutive subcarriers to use a longer sequence for a given transmission bandwidth, which makes more number of sequences available for SSS.  
· 2x scaling of subcarrier spacing (e.g. 30KHz, 120KHz, or 480KHz): ZC1 (6RB) + ZC2 (6RB)

· 4x scaling of subcarrier spacing (e.g. 60KHz, 240KHz, or 960KHz): ZC1 (6RB) + ZC2’ (18RB)
Table 1 Candidate synchronization signal parameters

	Carrier frequency range
	fc < 6 GHz
	6 ≤ fc ≤ 30 GHz
	fc > 30 GHz

	Carrier bandwidth
	1.4 MHz or larger
	5 MHz or larger
	20 MHz or larger

	Subcarrier spacing for PSS/SSS

(Baseline subcarrier spacing)
	15 KHz
	60 KHz
	240 KHz

	Additional subcarrier spacing supported
	30 KHz, 60 KHz
	120 KHz, 240 KHz
	480 KHz, 960 KHz

	PSS sequence mapping
	On every 4th subcarrier (excluding guard subcarriers)

	Baseline PSS sequence length
	15

	Appended PSS sequence length
	18 (2x subcarrier scaling),   54 (4x subcarrier scaling)

	SSS sequence mapping
	On every subcarrier (excluding guard subcarriers)

	SSS sequence length
	61

	Baseline PSS/SSS transmission bandwidth including guard subcarriers
	1.08 MHz


	4.32 MHz



	17.28 MHz 

	Extended PSS transmission bandwidth including guard subcarriers
	2.16 MHz, or 

4.32 MHz
	8.64 MHz, or

17.28 MHz
	34.56 MHz, or

69.12 MHz
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Figure 2 Initial frequency offset for carrier frequencies below 6 GHz
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Figure 3 Initial frequency offset for carrier frequencies above 6GHz

3 On cell search frequency raster 
The number of cell search hypothesis may be reduced by defining a cell search frequency raster separately from the frequency raster (e.g., 100 kHz) that is used to define the carrier channel bandwidth [2]. The cell search frequency raster may be defined on per operating band basis and may be restricted to multiples of the frequency raster (e.g., 100 kHz) that is used to define the carrier channel bandwidth. Selection of the value for the cell search frequency raster may be dependent on the bandwidth of the synchronization signal, and minimum supported channel bandwidth for the operating band. If the minimum supported channel bandwidth is 1.4MHz (6RBs) and bandwidth of the synchronization signal are  approximately same (e.g., 1.4MHz (6RBs for 15KHz subcarrier spacing)), then defining a cell search frequency raster larger than the 100kHz frequency raster reduces the flexibility in placement of the carrier channel in the operating band.
Proposal 4: Whether to define a cell search frequency raster or not should be discussed together with other aspects, e.g. the minimum supported channel bandwidth and transmission bandwidth of synchronization signal.
4 Summary

In summary, we propose the followings for NR synchronization signal design:

· Proposal 1: PSS/SSS are transmitted with a subcarrier spacing and a transmission bandwidth predefined in the specification for a given carrier frequency range. 

· Proposal 2: PSS/SSS can be placed flexibly on one of predefined frequency locations within a carrier bandwidth. 
· Proposal 3: PSS can be flexibly extended to provide similar relative timing accuracy for all configured data/control channel numerologies. 

· Proposal 4: Whether to define a cell search frequency raster or not should be discussed together with other aspects, e.g. the minimum supported channel bandwidth and transmission bandwidth of synchronization signal.
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