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Introduction
In RAN1 #88 in Feb, 2017, the agreements and working assumptions on the transmission bandwidth and subcarrier spacing of synchronization channel are as follows [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

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 contribution, we further discuss the design of the transmission bandwidth/numerology agnostic synchronization signals. 

SS-Block Bandwidth and Subcarrier Spacing Analysis
In the agreements of RAN1 #87 meeting, ZC sequence is selected as the baseline sequence for NR-PSS. As well known, ZC sequence used for time and frequency synchronization would have potential ambiguity problem for larger frequency offset.  For  genuine ZC sequence, the detected frequency offset depends on the subcarrier spacing.  When larger subcarrier spacing is used for NR-SS sequence, the bandwidth of synchronization signal needs to increase in proportion to maintain the same processing gain.  It was agreed RAN1 #88 that the NR-SS transmission bandwidth associated with 30 kHz subcarrier spacing is twice the bandwidth associated with 15 kHz subcarrier spacing.  Wider SS bandwidth improves the detection performance with the desired accuracy since a larger bandwidth in proportion with larger subcarrier spacing implies same processing gain for detection. Secondary synchronization signal could also benefit from a larger bandwidth with large number of sequences for generating large number of cell ID. 

NR synchronization signals and associated system reference signals for channel measurements need to support diverse range of the system bandwidth.  In LTE, the system bandwidth is from 1.4 MHz to 20 MHz.   In order to support diverse system bandwidths NR should support more than one length of synchronization signals for different system bandwidths. 

· Proposal 1: NR should support more than one length of synchronization signals for different system bandwidths.   System bandwidth agnostic synchronization signals presented in [2] should be considered for the NR-SS.  

If smaller subcarrier spacing, such as 15k Hz, is used for subcarrier spacing and NR-SS transmission, smaller NR-SS transmission bandwidth which is no larger than 5 MHz can be used to achieve the same performance as that for larger subcarrier spacing, 30k Hz, from the perspective correlation detection and processing gain. However, the frequency error would increase at higher carrier frequency due to UE oscillator instability at the initial detection. For example, 5 ppm frequency error will cause ±10KHz frequency offset for 2 GHz carrier frequency.  For the devices working in 4 GHz, 5 ppm frequency error will cause ±20 kHz frequency offset.   If 15 kHz subcarrier spacing is used for NR-SS transmission, the frequency error of 20 kHz would drift more than one subcarrier.    Numerology agnostic synchronization signals presented in [3] ensures the UE NR-SS detection performance regardless the subcarrier spacing of NR-PSS transmitted by the gNB is same or different to the default NR-PSS subcarrier spacing what UE assumes in the detection.    For large frequency offset, gNB could transmit NR-PSS with larger subcarrier spacing to mitigate the large drift of NR-PSS caused by frequency error.   UE uses the NR-PSS with default subcarrier spacing to correlate with NR-PSS with large subcarrier spacing transmitted from gNB.  It had been shown in [3] that the UE detection performance of NR-PSS would be the same with numerology agnostic PSS design whether the subcarrier spacing of NR-PSS is same or not between transmission from gNB and UE assumption for correlation.     The numerology agnostic PSS design can work with both short and long sequence as shown in [3]. When working with short sequence for large subcarrier spacing, it is robust to frequency offset even when the drifting of NR-PSS exceeds one subcarrier.. When working with long sequence, it can achieve high detection accuracy. The simulation results presented later in this paper show that it has good performance, especially for larger frequency offset.

· Proposal 2: NR synchronization signals should be designed to battle large frequency offset in smaller carrier bandwidth. Numerology agnostic synchronization signals presented in [3] should be considered for the NR-SS.  
NR-SSS Sequence 
We propose the design of NR-SSS with similar approach to the design of LTE SSS, which is based on the maximum length (ML) sequences. ML sequence has been proven in high performance of sequence detection and reliable time/frequency synchronization.  It was agreed in RAN1#88 that the supported number of Cell IDs in NR would be double than that of LTE.   We propose to increase the length of NR-SSS  to 254 from 62 in LTE to match with the bandwidth of NR-PSS. The length-254 NR-SSS sequence will be constructed from two length-127 m-sequences. 
Sequence generation
The sequence  used for the second synchronization signal is an interleaved concatenation of two length-127 binary sequences. The concatenated sequence is scrambled with a scrambling sequence given by the NR primary synchronization signal.
The sequence  can be got according to the following formula: 






where . The indices  and  are derived from the physical-layer cell-identity group  according to 





The two sequences  and  are defined as two different cyclic shifts of the m-sequence  according to




where, , is defined by


with initial conditions

.



The two scrambling sequences  and  depend on the primary synchronization signal and are defined by two different cyclic shifts of the m-sequence  according to






where  is the physical-layer identity within the physical-layer cell identity group and , , is defined by



with initial conditions 



The scrambling sequences  and  are defined by a cyclic shift of the m-sequence  according to






where , , is defined by



with initial conditions 
Mapping to resource elements and SS block


Figure 1: Subcarrirer mapping of NR-SSS


The sequence  shall be mapped to the resource elements  according to:




where  denotes the first subcarrier of the reserved resource blocks for the synchronization signal (NR-SSS) block, and the OFDM symbol index,  needs to be further determined according to the SS block resource mapping.  
Mapping to antenna port
The same antenna port as for the primary synchronization signal shall be used for the secondary synchronization signal.
Evaluation of Bandwidth/Numerology Agnostic SS
ZC Sequence Root Index selection
In general, the root selection of ZC sequences should consider the properties of the auto-correlation, cross-correlation and its robustness to the frequency offset.  . 
To support three NR-PSS sequences, we need to select three ZC root sequences with good properities. To reduce the receiver complexity, the sum of two  indexes  of ZC root sequences should be equal to the length of the designed ZC sequence.  That is, if the length of NR-PSS is 256, we should have 
 ,
 where  and  are the  indexes  of the two ZC root sequences for NR-PSS. This approach can significantly reduce the implementation complexity of the correlation detection. Let  and  be the length-256 ZC sequences with root index  and  respectively


Because of  , we have

The combination of multiple ZC short root sequences to one ZC long sequence  can reduce the multiplication complexity and almost the addition complexity for the correlation of one local sequence with the root index in the index pair.  
For both the bandwidth/numerology agnostic methods, the ZC sequences can work as PSS with both longer and shorter length in frequency or time domain. For example, in the bandwidth agnostic scheme, the PSS sequence can work with both length-256 and  length-64 with following PSS sequence in the frequency domain:
   and 
The  selection of root sequence can be done within index 1~63 of short-sequence with length of 64.  The selected short sequences are combined to be the root sequence of long PSS sequence.  The same method can be applied to numerology agnostic method. 
 Let   and  be the indexes of the ZC root sequences of long sequence,  and  be the root indexes of short sequence. The selection of , ,  and  is defined as follows: 




With above index selection, , we can achieve that  . If the sum of two root indexes is equal to the length of short PSS sequence, we can achieve that the two root indexes for long sequence is equal to the length of long PSS sequence.
Detection method for time estimation---segmentation correlation
Phase reversal is observed during the NR-SS detection with high frequency error and causes the degradation of accuracy in peak detection. Let  be the PSS sequence in frequency domain and  be the time domain samples for PSS sequence  with frequency offset , where  is the subcarrier spacing.

where  is the sampling interval.    We can assume that  is equal to the length L of PSS.   By taking the time  domain correlation between  and , the output q of the correlator can be expressed as 

We can assume that noise is zero mean. If there is no frequency error, i.e., we get the correlation peak of L.   
So if k is larger than 1/2, the value of peak will decrease.   Multi-segmentation correlation can be used as shown in Figure 2, where  PSS is transmitted in one OFDM symbol, and  separated into two parts.  The correlation is done separately on each part.  The sum of the absolute value of the two correlations is used as the reference for the peak detection.


Figure 2: Segmentation correlation
The formula for segmentation detection is shown as below 

where K is the number of segments, M is the length of each segment, and corr(n) is the correlation result.  The more the number of segments, the less impact of the frequency error to the correlation in the peak detection is.  , However,  the peak-to-side lobe ratio gets worse as the number of segments increases. The number of segments should be limited.   We consider 4 segments for frequency error larger than 1 subcarrier. 
Simulation result
In the simulation, the following ZC Root Sequence indexes are used:
Root sequence indexes for three length-256 ZC sequences: 87, 97,169;
Root sequence indexes for three length-256 bandwidth agnostic PSS sequences: 37, 107, 149;
Root sequence indexes for three length-256 numerology agnostic PSS sequences:  87, 107, 149.

PAPR and CM
Table 1 PAPR and CM value
	
	PAPR [dB]
	CM [dB]

	Length-256 ZC sequence
	0.54
	-0.9057

	Bandwidth agnostic
	4.86
	1.0551

	Numerology agnostic
	0.54
	-0.9057



Joint PSS/SSS misdetection rate
[image: ]        [image: ]
(a) No Interferer                                                        (b) 2 Interferers
Figure 3. Misdetection rate (Frequency offset [-20 kHz, 20 kHz])
From the simulation, we can see that bandwidth/numerology agnostic ZC sequences show better performance than that of the ZC sequence when the frequency error is uniformly distribution in  [-20 kHz, 20 kHz].  The performance advantage has especially shown for the numerology agnostic PSS sequences.

Cross-correlation performance of NR-SS sequences

[image: ]         [image: ]
(a) NR-PSS of numerology agnostic                      (b) NR-PSS of bandwidth agnostic
[image: ]           [image: ]
(c) NR-PSS of length-256 ZC sequence                         (d) NR-SSS
Figure 4. Cross-correlation performance

Joint PSS/SSS detection latency
Table 2 50% and 90% tile detection latency (ms)
	
	No interferer
	2 Interferers

	Length-256 ZC sequence
	50% tile detection latency: 5ms
90% tile detection latency: >50ms
	50% tile detection latency: 5ms
90% tile detection latency: >50ms

	Bandwidth agnostic
	50% tile detection latency: 5ms
90% tile detection latency: >50ms
	50% tile detection latency: 5ms
90% tile detection latency: >50ms

	Numerology agnostic
	50% tile detection latency: 5ms
90% tile detection latency: 10ms
	50% tile detection latency: 5ms
90% tile detection latency: 10ms




Conclusion
In this paper, we discussed NS-SS design with different  bandwidth and subcarrier spacing for  the initial access. The simulation results show that the bandwidth and numerology agnostic NR-SS designs have better performance than genuine  ZC sequence. Based on the discussion and simulation results, we propose the followings,  
· Proposal 1: NR should support more than one length of synchronization signals for different system bandwidths.   System bandwidth agnostic synchronization signals presented in [2] should be considered for the NR-SS.  

· Proposal 2: NR synchronization signals should be designed to battle large frequency offset in smaller carrier bandwidth. Numerology agnostic synchronization signals presented in [3] should be considered for the NR-SS.  
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Appendix I: Simulation Assumption
Table 3. Link-level Evaluation Assumptions
	Parameter
	Value

	
	For below 6GHz

	Carrier Frequency
	4GHz

	Default subcarrier spacing
	15kHz, 

	Channel Model
	TDL-C 
· with delay scaling values of 100ns 

	Antenna Configuration at the TRP and UE
	(1,1,2) with omni-directional antenna element

	UE speed
	3 km/h

	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)

	Timing arrival difference from interfering TRPs
	· Synchronous scenario: 
Uniformly distributed from -3/N us to +3/N us, where N denotes scaling factor (N= Default subcarrier spacing (kHz)/15(kHz)).

	
	

	Target received baseband SNR 
	-6dB
Note: Proponents provide results over a range of SNR including -6 dB.

	NR-PSS/SSS detection
	One-shot detection for reporting joint PSS/SSS misdetection rate, the residual timing error and frequency error.
For reporting joint PSS/SSS detection latency, accumulation among SS blocks in different SS burst sets is used.

	Segments of detection
	4

	Frequency Offset
	· For initial acquisition
TRP and UE: uniform distribution +/5 ppm

	BS Tx power for NR-SS 
	No power control

	Periodicity of PSS and SSS
	5ms



Appendix II: Numerology agnostic PSS design

An even-length Zadoff-Chu sequence with the length as integral multiples of 8 has the property that the sub-sequence with length ¼ by sampling the even points of an even-length Zadoff-Chu sequence is also a Zadoff-Chu sequence.  The sub-sequence with length ¼ by sampling the odd points of even-length Zadoff-Chu sequence with the length as integral multiples of 8 is an asymptotic Zadoff-Chu sequence with auto-correlation property similar to that of Zadoff-Chu sequence.  The proof is shown in Appendix.  
We take the following even-length Zadoff-Chu sequence with 256 points as an example.

                                                                             (1)


Based on the characteristics of even-length Zadoff-Chu sequences, we can select the even points of the Zadoff-Chu sequences  m=0,1,…,127 for the construction of the first half of numerology agnostic PSS sequence, and select the odd points of the Zadoff-Chu sequence  m=0,1,…,127 for the construction of the second half numerology agnostic sequence as shown in Figure 5.


[bookmark: _Ref471661833]Figure 5: Construction of numeroloty agnositc PSS sequence
The transmitter will transmit numerology agnostic PSS sequence with 15 kHz subcarrier spacing.  Some UEs will generate numerology agnostic PSS sequence with 60 kHz subcarrier spacing in frequency domain.  The frequency domain signals will be transformed to time domain by FFT with size 64.  The time domain numerology agnostic PSS sequence would be used as the input of the correlator at the receiver for peak detection.   Other UEs will generate numerology agnostic PSS sequence with 15 kHz subcarrier spacing in frequency domain.  The frequency domain signals will be transformed to time domain by FFT with size 256.  The time domain numerology agnostic PSS sequence would be used as the input of the correlator at the receiver for peak detection.   
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