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1. Introduction
In RAN1#87 meeting, design for synchronization signal was made as follows [1]:
	Agreements:
· For initial access, UE can assume a signal corresponding to a specific subcarrier spacing of NR-PSS/SSS in a given frequency band given by specification
· FFS: Definition of frequency band

· FFS: Subcarrier spacing of NR-PSS and NR-SSS is the same or not
· FFS: CP length

	Agreements:
· Companies are encouraged to propose and evaluate following design parameters of NR-PSS/SSS until next meeting

· SS burst set periodicity

· Subcarrier spacing

· Sequence length

· Sequence type

· Number of IDs provided by NR-PSS/SSS

· Resource mapping/multiplexing

· Following target requirements should be taken into account in NR-PSS/SSS design

· Robustness against initial frequency offset up to 5 ppm

· 10 ppm as optional requirement

· Reasonable complexity for NR-PSS/SSS detection

· Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
· Companies report detection probability, the residual timing error and frequency error 
· Good detection performance in multi-cell scenario

· Note: for mMTC, different target requirements may be considered
· Following aspects can be considered (not an exhaustive list)

· Low system overhead due to NR-PSS/SSS transmission

· Low PAPR of waveform for possible power boosting transmission

· Multiplexing with other signal/channel for efficient operation
· Utility of NR-PSS/SSS as reference signal for other channels, e.g., PBCH


In this contribution, we discuss NR synchronization signal design.
2. Discussion
· Consideration points for numerology selection
There are several consideration points for numerology selection. In this section, we focus on following consideration points:
· Subcarrier spacing

· CP length

· Synchronization signal transmission bandwidth
(1) Subcarrier spacing

Generally, the performance of CP-OFDM based synchronization single is very sensitive to frequency offset. So, in order to discuss proper subcarrier spacing according to carrier frequency, the frequency offset according to carrier frequency should be considered. According to the discussion in [2], we suggest that N times wider subcarrier spacing than default numerology should be used for the subcarrier spacing of NR-PSS. For example, if default subcarrier spacing for sub-6GHz is 15 kHz, 4 times-wider subcarrier spacing (i.e., 60 kHz) should be used for the subcarrier spacing of NR-PSS.

On the other hands, the effect of CFO is not harmful in non-initial acquisition because of the compensation of CFO. In this point of view, default numerology should be used for the subcarrier spacing of NR-PBCH. Also, if coarse CFO is detected from PSS and that value is compensated, the same approach can be applied to NR-SSS. For example, if default subcarrier spacing for sub-6GHz is 15 kHz, default subcarrier spacing (i.e., 15 kHz) should be used for the subcarrier spacing of NR-SSS and NR-PBCH.
(2) CP length
Generally, cyclic prefix (CP) protects inter symbol interference (ISI) which occurs due to delay spread. In sub-6GHz, CP length defined in legacy LTE specification is necessary to support long delay spread channel such as eTU channel model in legacy LTE or TDL (Tapped Delay Line) channel model with 1μs delay scaling value. However, if wider subcarrier spacing than legacy subcarrier spacing of LTE is used, it would be sensitive to long delay spread because CP length is shortened due to wider subcarrier spacing.
(3) Transmission bandwidth for synchronization signal
In legacy LTE specification, the bandwidth for synchronization signal is 1.08MHz and the OFDM symbol duration is 70μs. When wider bandwidth is introduced according to wider subcarrier spacing, calculation complexity for NR-PSS detection in UE side is also increasing. Basically, increasing the complexity of NR-PSS detection is not preferred. In this point of view, we prefer that transmission bandwidth and time duration for NR synchronization signal is similar with that of LTE.
From the above discussion, two alternatives can be considered for synchronization signal design.
Alt. 1: Increasing both bandwidth and subcarrier spacing for NR-SS. (Symbol shortening)

Alt. 2: Keeping the bandwidth, and increasing the subcarrier spacing for NR-SS. (Symbol shortening and repetition)
· Note: NR-PSS and NR-SSS could be set different numerology.
Therefore, it should be studied the synchronization signal design based on wider subcarrier spacing than default numerology considering on both CP length and SS bandwidth.
Proposal 1: The subcarrier spacing and CP length of NR-SSS is the same as that of the other initial access channels (e.g., broadcast channel). The subcarrier spacing of NR-PSS is wider than that of NR-SSS and the CP length of NR-PSS is shorter than that of NR-SSS.
Proposal 2: For below 6 GHz, the transmission bandwidth and time duration of NR synchronization signal is similar with that of LTE synchronization signal.
· Number of hypotheses of NR-PSS/SSS
Generally, the detection complexity of synchronization signal depends on detection for PSS. In this point of view, it is reasonable that the design of PSS which does not increase the detection complexity. On the other hand, the detection complexity of SSS is smaller than that of PSS since the Cell-ID is detected on estimated frequency and time from the results of PSS detection.

For these reasons, single NR-PSS candidate (i.e., common PSS sequence) should be considered regardless of Cell-ID, and then NR-PSS is used to time/frequency estimation. Also, in the multi-cell environment, detection performance of single candidate NR-PSS is better than that of triple candidate NR-PSS because of SFN. On the other hand, multiple NR-SSS candidates should be considered, and then the number of NR-SSS candidates should be equal to or greater than total number of Cell-ID (e.g., 504 in LTE system).
Proposal 3: The single hypothesis of NR-PSS should be considered and at least cell-ID should be provided in NR-SSS.
· Different default numerology for synchronization signal
In NR system, different default numerology could be applied to different frequency band (e.g. 15 kHz for below 6GHz, 60kHz for above 6GHz). If different sequences for synchronization signal are used according to subcarrier spacing for default numerologies, it would bring the implementation complexity. In this point of view, common sequence for synchronization signal across is preferred for simplicity.

Proposal 4: Common sequence across different default numerologies should be considered.
3. NR Synchronization Signal Design 

As aforementioned, single NR-PSS candidate should be considered and multiple NR-SSS candidates should be considered. Also, the transmission bandwidth and time duration for NR synchronization signal is similar with that of LTE. As a result, the sequence design of NR-PSS and NR-SSS are fallows:
· NR-Primary synchronization signal (NR-PSS)
· Sequence: Length-17 ZC sequence (root indices are 7, 10, 7, and 10 for each symbol, cover code [1, 1, -1, 1] is used)
· Subcarrier spacing: 60 kHz 

· Bandwidth: 1.08 MHz (18 subcarriers per one symbol)
· Number of hypothesis : single

· NR-Secondary Synchronization signal (NR-SSS)

· Sequences 
1 Length-67 ZC sequence (63 root indices (3, 4, 5, ..., 63, 64, 65) are used)

2 Length-63 PN sequence with cyclic shift for scrambling (8 candidates is used)

· Subcarrier spacing: 15 kHz 

· Bandwidth: 1.08 MHz (72 subcarriers)

· Number of hypothesis : 504 (63*8)
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Figure 1. Synchronization signal block for NR system.
4. Performance Evaluation

In this section, initial performance evaluation results are presented. The evaluation assumptions are summarized in table 4 in appendix. In these evaluation results, we considered four types of synchronization signal, which are as followings:

(1) Legacy LTE: Bandwidth for synchronization signal is 1.08 MHz, subcarrier spacing is 15 kHz, and using 1 symbol for PSS and SSS.
( 504 Cell-IDs are detected by triple candidates for PSS and 168 candidates for SSS
(2) Alt. 1: Bandwidth for synchronization signal is 1.08 MHz, subcarrier spacing is 60 kHz for PSS and 15 kHz for SSS, and using 4 symbols for PSS and 1symbol for SSS.
( 504 Cell-IDs are detected by triple candidates for PSS and 168 candidates for SSS
(3) Alt. 2: Bandwidth for synchronization signal is 1.08 MHz, subcarrier spacing is 60 kHz for PSS and 15 kHz for SSS, and using 4 symbols for PSS and 1symbol for SSS.
( 504 Cell-IDs are detected by single candidates for PSS and 504 candidates for SSS
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Figure 2. CDFs of acquisition time for different SS types (no power boosting, single shot detection)
 SHAPE  \* MERGEFORMAT 



Figure 3. CDFs of acquisition time for different SS types (3dB power boosting, single shot detection)
 SHAPE  \* MERGEFORMAT 



Figure 4. CDFs of acquisition time for different SS types (no power boosting, max four accumulations)
Table 3. 90% tile acquisition time and detection probability for different SS types
	Power boosting and 
# of accumulation
	SS type
	Acquisition time (ms, 90% tile)
	Detection probability (%)

	No power boosting,
single shot detection
	Legacy LTE
	115
	98.04

	
	Alt. 1
	108.5
	96.29

	
	Alt. 2
	95
	98.69

	3dB power boosting,
single shot detection
	Legacy LTE
	25
	98.53

	
	Alt. 1
	20
	98.61

	
	Alt. 2
	20
	99.61

	No power boosting,
max four times accumulation
	Legacy LTE
	55
	96.18

	
	Alt. 1
	50
	96.04

	
	Alt. 2
	50
	98.09


In these evaluation results, the acquisition time and detection probability are used for performance metric. Figure 1 shows the CDFs of acquisition time for different synchronization signal types. In this case, single shot detection process is used and power boosting for synchronization signal is not applied. Figure 2 also shows the CDFs of acquisition time for different synchronization signal types. In this case, single shot detection process is also used, but 3dB power boosting for synchronization signal is applied. Naturally, 3dB power boosting cases show better evaluation performance than no power boosting cases in terms of acquisition time and detection probability. Also, Alt. 2 shows the best evaluation performance in terms of acquisition time and detection probability in both no power boosting case and 3dB power boosting case.
Figure 3 shows the CDFs of acquisition time for different synchronization signal types. In this case, multi-shot (i.e., max four times accumulation) detection process is used and power boosting for synchronization signal is not applied. It is noted that the candidate of PSS sequence increase, evaluation performance decreases in terms of acquisition time. In other words, using common PSS sequence (i.e., Alt. 2) increases the initial access performance in multi-cell environments.
Observation 1: 
(i) Using LTE design or alternative 1 for SS, the performance degrades due to multi-cell environments

(ii) The best performance is made by using alternative 2 for SS in both no power boosting case and 3dB power boosting case.
5. Conclusion
In this contribution, we discussed numerology for NR synchronization signal. The following is our proposal:

Proposal 1: The subcarrier spacing and CP length of NR-SSS is the same as that of the other initial access channels (e.g., broadcast channel). The subcarrier spacing of NR-PSS is wider than that of NR-SSS and the CP length of NR-PSS is shorter than that of NR-SSS.
Proposal 2: For below 6 GHz, the transmission bandwidth and time duration of NR synchronization signal is similar with that of LTE synchronization signal.

Proposal 3: The single hypothesis of NR-PSS should be considered and at least cell-ID should be provided in NR-SSS.
Proposal 4: Common sequence across different default numerologies should be considered
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Appendix A:
Table 4. Link-level Evaluation Assumptions
	Parameter
	Value

	Carrier Frequency
	4GHz

	Channel Model
	CDL_C (delay scaling values: 100ns) 

	Subcarrier Spacing
	15 kHz

	Antenna Configuration
	TRP: (1,1,2) with Omni-directional antenna element
UE: (1,1,2) with Omni-directional antenna element

	Timing offset
	Uniformly distributed in [-1 ms, 1 ms]

	Frequency Offset
	5 ppm

	False alarm rate
	Less than 1% false alarm rate

	PSS/SSS detection
	One shot detection, Max four time accumulation

	PSS/SSS period
	5 ms

	Subframe duration
	1 ms

	OFDM symbols in SF
	14

	Number of interfering TRPs
	2

	Operating SNR
	-6 dB


Appendix B: Residual timing error and frequency error
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Figure B-1. CDFs of frequency estimation error (no power boosting, single shot detection)
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Figure B-2. CDFs of timing estimation error (no power boosting, single shot detection)
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[image: image16.png]CDFs of frequency estimation error with no power boosting
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Figure B-3. CDFs of frequency estimation error (3dB power boosting, single shot detection)
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Figure B-4. CDFs of timing estimation error (3dB power boosting, single shot detection)
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Figure B-5. CDFs of frequency estimation error (no power boosting, max four accumulations)
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Figure B-6. CDFs of timing estimation error (no power boosting, max four accumulations)
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