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1 Introduction
During RAN1#88 meeting, following were agreed or set as working assumptions regarding subcarrier spacing and transmission bandwidth of new RAT (NR) primary/secondary synchronization signal (PSS/SSS), the number of cell ID hypotheses to be supported, and study points for the minimum NR UE bandwidth [1]: 
Agreements:
· RAN1 considers following parameter sets with associated default subcarrier spacing and possible maximum transmission bandwidth for NR-SS design

· Parameter set #W associated with 15 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 5 MHz

·  Parameter set #X associated with 30 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 10 MHz

·  Parameter set #Y associated with 120 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 40 MHz

·  Parameter set #Z associated with 240 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 80 MHz

· Note that association between a frequency band and single set of default parameters (SCS, sequence length, NR-SS transmission bandwidth) will be defined in RAN4

· Note that each subcarrier spacing is associated with single sequence length and transmission bandwidth

· Note that additional  parameter set or further down selection of  parameter set is not precluded
· This agreement does not preclude any subcarrier spacing for data channel
· If min UE bandwidth < NR SS block bandwidth, in NR SS block design, study how to address this issue.
· Study minimum UE BW for eMBB and URLLC, [B], for NR considering at least the following aspects

· Single or multiple values for B

· Considering following aspects
· frequency range (e.g. below 6 GHz vs. above 6 GHz)

· NR-SS transmission bandwidth

· NR-PBCH transmission bandwidth

· NR SS block bandwidth

· UE type
· DL/UL control design

· DL/UL data reception/transmission for UE

· Coexistence among UEs with potentially different minimum UE bandwidth
· etc.
· Note: This study is for RAN1 understanding on what min UE BW is supported in RAN1 NR design. 
Working assumptions:
· About 1000 hypotheses provided by NR-PSS/SSS to represent NR physical cell ID for NR-SS design

· FFS whether NR-PSS/SSS could be used to indicate information other than NR physical cell ID
· FFS further extension of ID space for non-mobility purpose through e.g., broadcast

· RAN1 considers NR-PSS and NR-SSS have same transmission bandwidth
In this document, we present NR PSS and SSS design details which include a proposed set of parameters of subcarrier spacing and transmission bandwidth and PSS/SSS sequence generation methods, and provide evaluation results for the proposed PSS/SSS.  
2 Considerations and parameters for NR-SS  
In NR, longer PSS/SSS sequences with wider transmission bandwidth than LTE PSS/SSS are desired to provide good one-shot detection performance at -6dB baseband SNR and to provide a certain minimum relative timing accuracy with respect to symbol duration for all configured subcarrier spacing (e.g. 30KHz, 60KHz). Concatenating two or more sequences and mapping them to multiple sub-bands of an SS block is beneficial for efficient radio resource utilization, as the common PSS/SSS can be used for UEs only receiving over a bandwidth smaller than the NR-SS bandwidth due to its capability or operational mode (e.g. power saving mode). UE bandwidth capability may vary for various types of UEs. Further, UEs with small and infrequent data transmission for some time duration may enter into a power saving mode by reducing its operating bandwidth smaller than the defined NR-SS bandwidth. 
Employing a set of long sequences for SS and narrowband UEs’ using a center part of the set of long sequences for cell detection would degrade cell detection performance of narrowband UEs. This is because a set of partial sequences extracted from the set of single long sequences are likely to have poor auto- and cross-correlation performance. Furthermore, concatenation of different shorter Zadoff-Chu (ZC) sequences may have better detection performance than one longer ZC-sequence or repeated shorter ZC-sequences when carrier frequency offset (CFO) exists. The CFO may cause higher side peak values in auto-correlation of ZC sequences, and side-peak location may be dependent on a ZC root index and CFO. Concatenation of different shorter ZC sequences can avoid higher aggregated side peak values, as side-peak of each shorter ZC sequence may occur at different time lags.
Figure 1 illustrates methods constructing three sub-bands (a center sub-band and two edge sub-bands) based PSS/SSS. For cell detection, narrowband UEs (i.e. bandlimited UEs or power saving mode UEs) use only a base sequence (denoted as ‘Sequence 1’ in Figure 1) with a narrowband receiver, while normal UEs using the concatenated sequences with a wideband receiver. Sequence 1 is transmitted within a sub-band where the center of the sub-band corresponds to an SS raster frequency location. Figure 1 shows two sequence based wideband SS, with ‘Sequence 2’ broken into two parts and circularly mapped to upper and lower frequency sub-bands with respect to the frequency location of the base sequence (Sequence 1). 
Observation 1: Concatenation of different shorter ZC-sequences may have better detection performance than one longer ZC-sequence or repeated shorter ZC-sequences when CFO exists. 
Proposal 1: Consider NR-PSS/SSS sequences constructed by concatenating multiple sequences. 
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Figure 1 Wideband SS construction via concatenation of length-L sequences 
Table 1 presents proposed synchronization signal parameters including subcarrier spacing, sequence lengths, and a transmission BW for each frequency range. 
Proposal 2: Consider a PSS/SSS sequence length of 254 and the following sets of PSS/SSS parameters (subcarrier spacing, SS transmission bandwidths, minimum UE bandwidth): 
· (15KHz, 4.32 MHz, 3MHz), (30KHz, 8.64 MHz, 5MHz), 
· (120KHz, 34.56 MHz, 20MHz), (240KHz, 69.12 MHz, 40MHz)

Table 1 Proposed NR synchronization signal parameters

	Carrier frequency range
	W
	X
	Y
	Z

	Minimum carrier bandwidth
	5 MHz
	10MHz
	40 MHz
	80 MHz

	Subcarrier spacing for PSS/SSS
	15 KHz
	30 KHz
	120 KHz 
	240 KHz

	Subcarrier spacing supported for data/control channels 
	15KHz, 30 KHz, 60 KHz
	30 KHz, 60 KHz
	120 KHz, 240 KHz
	240 KHz

	PSS/SSS sequence length
	254

Note: PSS/SSS sequences are constructed from concatenation of two length-127 sequences. One sequence is mapped to the center sub-band, and another sequence is circularly mapped to the edge sub-bands.

	Number of sequences for PSS/SSS
	PSS: 3, SSS: 1000

	SS transmission bandwidth 
	4.32 MHz
	8.64 MHz

	34.56 MHz
	69.12 MHz

	Minimum UE bandwidth
	3 MHz
	5 MHz
	20 MHz
	40 MHz

	Minimum carrier bandwidth
	5 MHz
	10 MHz
	40 MHz
	80 MHz


3 NR-PSS

Details on a proposed NR-PSS sequence generation method and RE mapping are provided below. With the proposed ZC root indices, short sequence pairs corresponding to PSS sequences are of the form {(s1, s2*), (s2, s1*), (s1*, s2)}, where s1 and s2 are ZC sequences with different root indices, and * denotes complex conjugation. The proposed set of root pairs ensures that the UE detection complexity is reduced. First of all, UE only needs to save two sequence elements or requires two sequence generators. Further, the multiplications required to calculate the correlations of the received signal against the three length-254 PSS sequences, can be computed using the multiplications of the received signal against the two length-127 ZC sequences with root indices 59 and 60 only (and any frequency shift hypothesis).  
Figure
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Sequence generation

Frequency domain Zadoff-Chu sequence according to 
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where the pair of Zadoff-Chu root sequence indices 
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Mapping to resource elements

The sequence 
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where 
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are reserved and not used for transmission of the primary synchronization signal.
Observation 2: ZC-sequence pairs of the form {(s1, s2*), (s2, s1*), (s1*, s2)} for PSS sequences can reduce UE detection complexity, requiring only two sequence generators and two correlators. 
Proposal 3: Consider ZC-sequence pairs of the form {(s1, s2*), (s2, s1*), (s1*, s2)} for PSS sequences. 
4 NR-SSS

Details on a proposed NR-SSS sequence generation method, RE mapping, and mapping to antenna port are provided below. Since the m-sequences 
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Sequence generation (L=127)
Two binary sequences 
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are constructed from 3 m-sequences of length-L according to 
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The first sequence 
[image: image27.wmf])

(

1

n

s

 is an m-sequence of length-L. The second and third sequences 
[image: image28.wmf])

(

)

(

2

n

s

p

 and 
[image: image29.wmf](

)

n

c

k

q

)

(

 are 
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The first m-sequence 
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with initial conditions 
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The second m-sequence [image: image40.wmf])
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with initial conditions [image: image45.wmf].
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The third m-sequence [image: image46.wmf])
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with initial conditions 
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With concatenation of two length-127 sequences, the SSS sequence of length-254 is defined by  


[image: image52.wmf]),

(

)

(

 

and

 

),

(

)

(

1

0

n

d

L

n

d

n

d

n

d

=

+

=


[image: image53.wmf]1

0

-

£

£

L

n


Mapping to resource elements

The sequence 
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where 
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 denotes the first subcarrier of the reserved resource blocks for the synchronization signal (SS) block, and the OFDM symbol index, 
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 needs to be further determined according to the SS block resource mapping. 
Resource elements 
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are reserved and not used for transmission of the secondary synchronization signal.
Mapping to antenna port
The same antenna port as for the primary synchronization signal shall be used for the secondary synchronization signal.
Proposal 4: Consider applying one or more cover sequences to Gold codes for generating a large number of low-cross correlation SSS sequences, where the cover sequences are cyclic shifts of one m-sequence. 
5 Evaluation results
For wideband UE receivers, joint PSS/SSS detection performances and residual timing and frequency offset based on one PSS/SSS occasion were evaluated according to simulation assumptions shown in Table 2. Cross-correlation performances for the proposed PSS and SSS are evaluated for narrowband UEs and wideband UEs, respectively. The ratio of cross-correlation peak to auto-correlation peak for the proposed SSS is upper-bounded by 0.28~0.3, which is much better than cross-correlation performance of LTE SSS (In LTE, cross-correlation values for some sequence-pairs are very high, e.g. close to 1).   
Joint PSS/SSS misdetection rate
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Figure 2 Misdetection rate for single-cell scenario
Residual timing offset and carrier frequency offset
Table 3. 50% and 90% tile residual timing offset and carrier frequency offset

	
	No interferer
	2 Interferers

	
	Residual timing offset (us)
	Residual carrier frequency offset (Hz)
	Residual timing offset (us)
	Residual carrier frequency offset (Hz)

	Motorola Mobility, Lenovo
	50%-tile: 0 

90%-tile: 0.0651 (1 sample)
	50%-tile: 1885 

90%-tile: 5167 
	
	


Cross-correlation performance of NR-SS sequences
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(a) PSS for narrowband UE                                                     (b) PSS for wideband UE
Figure 5 NR-PSS cross-correlation performances for various CFO values in terms of ratio of cross-correlation peak value to auto-correlation peak value
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(a) SSS for narrowband UE                                                     (b) SSS for wideband UE
Figure 6 NR-SSS cross-correlation performances (CDF of ratio of cross-correlation peak value to auto-correlation peak value)
6 Conclusion
In summary, we propose the followings for NR synchronization signal design:

· Observation 1: Concatenation of different shorter ZC-sequences may have better detection performance than one longer ZC-sequence or repeated shorter ZC-sequences when CFO exists. 
· Proposal 1: Consider NR-PSS/SSS sequences constructed by concatenating multiple sequences. 

· Proposal 2: Consider the PSS/SSS sequence length of 254 and the following sets of PSS/SSS parameters (subcarrier spacing, SS transmission bandwidths, minimum UE bandwidth): 

· (15KHz, 4.32 MHz, 3MHz), (30KHz, 8.64 MHz, 5MHz), 
· (120KHz, 34.56 MHz, 20MHz), (240KHz, 69.12 MHz, 40MHz)

· Observation 2: ZC-sequence pairs of the form {(s1, s2*), (s2, s1*), (s1*, s2)} for PSS sequences can reduce UE detection complexity, requiring only two sequence generators and two correlators. 
· Proposal 3: Consider ZC-sequence pairs of the form {(s1, s2*), (s2, s1*), (s1*, s2)} for PSS sequences. 
· Proposal 4: Consider applying one or more cover sequences to Gold codes for generating a large number of low-cross correlation SSS sequences, where the cover sequences are cyclic shifts of one m-sequence. 
7 References
[1] “RAN1 Chairman’s Notes”, RAN1#88, Athens, Greece, February 2017.
Appendix
Table 2 Link-level evaluation assumptions
	Parameter
	Value

	Carrier Frequency
	4GHz

	Default subcarrier spacing
	30kHz

	Channel model
	CDL-C with delay scaling values of 100ns for 4 GHz, and 30 ns for 30 GHz

ASA, ASD, ZSA, and ZSD scaling values: 
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.

	Antenna configuration at the TRP
	(1,1,2) with omni-directional antenna element, 1 antenna port

	Antenna configuration at the UE
	(1,1,2) with omni-directional antenna element, 2 antenna ports

	Antenna port virtualization at the TRP
	Same signal transmitted on two cross polarized antenna elements with equal power splitting between the two antenna elements.   

	UE speed
	3km/h, 120km/h

	Time window to search NR-PSS
	20ms 

	Number of interfering TRPs
	1. 0 TRP 
2. 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB; SIR is defined as the ratio of power between a reference cell and interfered cell) 

	Target received baseband SNR 
	-6dB

	Frequency Offset
	TRP: uniform distribution +/- 0.05 ppm

UE: uniform distribution +/- 5 ppm

	Timing arrival difference from interfering TRPs
	Asynchronous scenario: Uniformly distributed from -1 ms to 1 ms
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