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1	Introduction
In RAN Plenary meeting #75, a WID on NR was agreed. The work item targets to develop and specify the functionalities for eMBB operation as well as support the URLLC type of operation. 
In this contribution we discuss about NR synchronization signal design and provide performance evaluation for different NR-PSS and NR-SSS options. RAN1#88 made the following agreements [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
…
Agreement: In both single beam and multi-beam scenario, time division multiplexing of PSS, SSS is supported
…
Working assumption:
· In both single beam and multi-beam scenario, time division multiplexing of PSS, SSS and PBCH is supported
· RAN1 will consider initial access latency, and overhead of SS and PBCH in the minimum system bandwidth
…
Agreements:
· RAN1 will definitely select the number of NR-PSS sequences from the following 2 alternatives in the next meeting
· Alt. 1: NR supports one NR-PSS sequence, and no cell ID hypothesis is carried by NR-PSS
· Supported by Samsung, Intel, LG Electronics, NTT DOCOMO, InterDigital, ETRI, Ericsson, MediaTek
· Alt. 2: NR supports 3 NR-PSS sequences
· Supported by Qualcomm, Huawei, HiSilicon, CATT, ZTE, Sierra, Motorola Mobility, Lenovo
…
Agreement: The number of antenna port of NR-PSS is 1



2	NR-PSS and NR-SSS Design
Sequence length and subcarrier spacing selection depend largely on transmission power strategy. Using flat PSD the longer the sequence length the better performance whereas using fixed total power independent of signal bandwidth tend to favour smaller subcarrier spacing option because of larger total energy due to longer symbol time. We consider that it’s important to consider both transmission power allocation strategies when determining the sequence length and subcarrier spacing. 
In the following when evaluating both NR-PSS and NR-SSS options we provide joint NR-PSS+NR-SSS detection results. Note that contrary to what noted initially over the email discussion, we have assumed coherent detection in the evaluation of our proposal. The NR-PSS/SSS design provided in email thread “[88-12] NR-SS design”  is given in the Annex D at the end of this document.
2.1	NR-PSS and NR-SSS sequence lengths
One very important design criteria is a high detection performance essential to support efficient cell search and measurements as well as unlicensed operation. In addition, as NR targets “a lean carrier“ design there are no always on “CRS”-type reference signals to alleviate cell search and measurement NR synch signals should support better detection performance with limited time allocation. To enable improved network energy saving possibilities the synchronization signal periodicity should support lower periodicities from that perspective as well [3]. As discussed and proposed in [2], cell measurements in idle and inactive-connected/connected states could be based largely on synchronization signals, specifically on NR-SSS. 
Given the above discussed requirement framework, we concluded in [2] that sequence length needs to be at least doubled from LTE to improve one-shot detection performance of NR-PSS seen beneficial for the system operation. Furthermore, in [2] we discuss and show that NR-SSS having sequence length of 127with 2 samples can fulfil RSRP accuracy requirement for RRM measurement point of view. 
When assuming flat PSD transmission power allocation strategy 255 long sequence would provide even better performance for cell detection and RRM measurement accuracy compared to 127 but on the other hand would require doubling the sampling rate for the UE searcher functionality by doubling the bandwidth.
Proposal: NR-PSS and NR-SSS sequence lengths are at least 127.
2.2	NR-PSS and NR-SSS sequence types
Based on input from companies in email thread “[88-12] NR-SS design” we have selected certain most promising candidates for NR-PSS and NR-SSS evaluations. For NR-PSS we consider three options:
· m-sequence
· ZC sequence
· Interleaved ZC sequences where one is the complex conjugate of the other
· DFT-spread m-sequence

In the performance evaluation of NR-PSS options we consider 15 kHz SCS and two different CFOs, 0 and -7.5 kHz. In this evaluation we use extended LTE based SSS sequence as NR-SSS. The sequence lengths for NR-PSS and NR-SSS are 127. Based on the results shown in Figure 1 we note that SSS performance dominates the joint PSS+SSS detection performance. Furthermore, delay-doppler ambiquity of pure ZC based PSS detection propagates to SSS detection and leads to worst joint PSS+SSS detection performance. M-sequence based NR-PSS design seems to provide both good NR-PSS detection and joint NR-PSS and NR-SSS performance.
Observation: m-sequence based NR-PSS seems to provide both good NR-PSS detection and joint NR-PSS and NR-SSS performance. 
[image: C:\Users\shakola\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\SA9OPBA1\nrPss1Bw2Mhz (002).png]
[bookmark: _Ref478136957]Figure 1 Joint PSS+SSS detection performance evaluation for m-sequence, ZC and interleaved ZC assuming single PSS sequence. 
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[bookmark: _Ref478475907]Figure 2 Comparison of PSS sequence sets with 3 sequences (ZC, frequency-domain upsampled ZC, m-sequence, DFT-s m-sequence)

Figure 2 shows a comparison DFT-spread m-sequence and frequency domain m-sequence. We note that DFT-spread sequence is slightly better than a sequence defined in frequency domain, but that difference is reduced when the joint performance of PSS and SSS is examined.

For NR-SSS we consider the following options
· Extended LTE based SSS with scrambling
· Extended LTE based SSS without scrambling
· Gold sequence

In Figure 3 we provide (updated) comparison between selected SSS sequences and show while m-sequence better correlation properties between cyclic shifts would allow to anticipate better performance, one long sequence (Gold code) provides good sequence properties. Overall the observable performance difference between difference between sequences is small, Gold sequence providing slightly better performance compared to LTE based SSS design. 
[image: ]
[bookmark: _Ref478135376]Figure 3 Comparison of SSS sequences.

2.3	On subcarrier spacing for PSS and SSS
Figure 2 also shows a comparison of Zadoff-Chu sequences with 15 kHz and 30 kHz sub-carrier spacings assuming the same transmission bandwidth. This means that the sequence length for 30 kHz sub-carrier spacing is half of that for 15 kHz sub-carrier spacing. We note while a sequence with larger sub-carrier spacing shows less degradation with increasing CFO, but it still can’t outperform 128 long sequence in the joint PSS+SSS performance.
2.4	Analysis of 1 or 2-port NR-SSS

Finally, we consider 1-port vs 2-port SSS design to provide insight into considerations of using 2-port SSS as DMRS for NR-PBCH. Here we again look at joint NR-PSS+NR-SSS detection performance when NR-SSS is having either 1 or 2 ports. Two options for 2-port case are considered:
· Beam switching: 2 ports are IFDM multiplexed
· Cover code: OCC-2 applied over base sequence

Figure 4 illustrates NR-PSS+NR-SSS detection performance comparison and we can observe that 1-port SSS design provides slightly better detection performance. 
[image: C:\Users\shakola\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\SA9OPBA1\sss2txPerf (003).png]
[bookmark: _Ref478137671]Figure 4 Impact of 1-port and 2-port SSS design on NR-PSS+NR-SSS detection performance.

2.5	Summary
Based on the results presented above we note that joint NR-PSS and NR-SSS detection performance is more depending on NR-SSS performance than from NR-PSS performance. Joint NR-PSS and NR-SSS detection performance is maximized when there are less hypotheses in NR-SSS and when NR-SSS is based on one long sequence (Gold sequence) instead of building from two interleaved sequence. We prefer m-sequence over ZC sequence because of no ambiguity issue and thus no need for additional functionality at UE against false peaks (e.g. multiple hypothesis for timing in NR-SSS detection phase). In our opinion the PAPR benefits of m-sequence over DFT-spread m-sequence overweight the slight performance advantage of DFT-spread sequence. The results for residual frequency error are show in Annex C, the timing estimation errors of correct PSS detections in our sample synchronous simulations have been negligible.
Thus, we make the following proposals:
Proposal: 3 NR-PSS sequences are defined.
Proposal: NR-PSS is based on m-sequence.
Proposal: NR-SSS is based on Gold sequence.
3	Conclusions 
In this contribution we provided our synchronization signal design and performance evaluation. Based on the analysis we made the following proposals: 
Proposal: NR-PSS and NR-SSS sequence lengths are at least 127.
Proposal: 3 NR-PSS sequences are defined.
Proposal: NR-PSS is based on m-sequence.
Proposal: NR-SSS is based on Gold sequence
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Appendix A Simulation parameters

	Parameter	
	Value		

	Carrier frequency
	4 GHz

	PSS sequence type
	Zhadoff-Chu, m-sequence, DFT-s m-sequence, Interleaved ZC

	SSS sequence type
	LTE-like sequences, Gold sequence

	Number of NR-PSS sequences
	1 and 3

	Number of SSS sequences
	336, 1008

	PSS/SSS length
	63, 127

	PSS/SSS period
	5 ms

	Sub-carrier spacing
	15 kHz, 30 kHz

	Channel model
	CDL-C 100 ns scaling

	UE speed
	30 km/h

	PSS receiver algorithm
	Single-shot time-domain correlator with thresholding with options for piecewise processing

	SSS receiver algorithm
	Single-shot non-coherent exhaustive search with thresholding

	False alarm probability
	< 1 %



Appendix B PAPR and CM analysis
1. The PAPR and CM values are calculated from time domain sequence obtained with (inverse) DFT length 4096.

	Sequence 
	PAPR (dB)
	CM (dB)

	Zadoff-Chu, u=25
	5.1
	1.6

	           u=29
	5.4
	1.1

	           u=34
	5.1
	1.6

	Zadoff-Chu (30 kHz), u=25
	4.1
	0.4

	           u=29
	3.7
	0.4

	           u=34
	3.7
	0.4

	ZC with FD upsampling, u=25
	4.3
	0.5

	           u=29
	4.3
	0.6

	           u=34
	4.3
	0.5

	ZC & ZC*
	6.7
	3.1

	m-sequence, gen. pol. 1
	5.0
	1.7

	             gen. pol. 2
	5.6
	1.6

	             gen. pol. 3
	5.3
	1.7

	DFT-s m-sequence, gen. pol. 1
	6.8
	2.2

	                  gen. pol. 2
	6.8
	2.2

	                  gen. pol. 3
	7.0
	2.2



Appendix C Residual frequency error
Figure C.1 below summarizes the PSS-based frequency estimation error results for the considered PSS sequences.
[image: ]
Figure C.1. Residual frequency error

Appendix D Summary of the NR-PSS/SSS design proposal

	Default subcarrier spacing 
Transmission BW

	Sequence type
	The number of OFDM symbol
	Sequence length
	The Number of sequence
	The number of antenna port

	≤6GHz frequency bands
15kHz 2.16MHz
30kHz 4.32MHz
>6GHz frequency bands
120kHz 17.38MHz
240kHz 34.56MHz
	NS-PSS/NR-SSS: M-sequence

	1
	127
	PSS: 3
SSS: 336
	(PSS: 1)
SSS: 1




NR-PSS generation is done as follows:
Sequence generation

The three PSS sequences  is a modulated frequency domain m-sequence generated with linear feeback shift registers of length 7:


with initial conditions

.
Choice of generating polynomials could be further optimized to minimize cross-correlation among sequences. 

Mapping to resource elements
The sequence shall be mapped to consecutive REs.

NR-PSS is detected by calculating cross correlation of the known PSS sequence and received signal for each assumed frequency error hypothesis.

NR-SSS generation is done as follows:
Sequence generation

The proposed SSS sequence is based on the LTE SSS sequence. The LTE set is enlarged to cover 336 sequences and the sequence length is lengthened to 126. The sequence used for the second synchronization signal is an interleaved concatenation of two length-63 binary sequences. The concatenated sequence is scrambled with a scrambling sequence given by the primary synchronization signal.
The combination of two length-63 sequences defining the secondary synchronization signal is constructed by interleaving the two sequences in frequency domain according to



where .



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 sequence  is defined by a cyclic shift of the m-sequence  according to



where  is defined by


with initial conditions


Mapping to resource elements
The sequence shall be mapped to consecutive REs.
Mapping to antenna port
The same antenna port as for the primary synchronization signal shall be used for the secondary synchronization signal.
For detection LTE-like detection algorithm has been assumed.
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