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1 Introduction

In RAN1 #87, the following agreements related to NR synchronization signals were made [1]: 


This contribution discusses the design of NR synchronization signal sequence (NR-PSS and NR-SSS), with respect to the study points and remaining issues from the above agreements.
2 NR Cell ID
One of the basic functions for synchronization signals is to indicate the physical layer cell identities. In LTE, there are 504 unique cell IDs, and the particular sequences transmitted for PSS and SSS in a given cell are utilized to detect the cell ID by the UE. The number of cell IDs, together with other hypotheses (e.g. frequency and time domain offsets), determines the total number of hypotheses to be detected from the synchronization signals, and determines the complexity of detection by the UE. So, it is always beneficial for NR to minimize the number of cell IDs contained in NR-SS to improve the detection accuracy and reduce the complexity. Moreover, although NR needs to support extensively higher number of TRPs in the network, considering that an NR cell can cover large number of TRPs, the number of cell IDs is still sufficient due to the benefit from more robust synchronization signal design, beam management and CoMP technique supported in NR to handle potential issues caused by the increase of TRPs. Hence, we propose that NR shall maintain the number of cell IDs as in LTE, e.g. 504. 
Proposal 1: NR shall support 504 physical layer cell identities. 

In LTE, the 504 cell IDs are grouped into 168 groups where each group contains 3 identities. The cell ID information is carried by both the PSS and SSS sequences, where one out of the 3 identity hypotheses within a cell ID group is included in the PSS sequence, and one out of the 168 cell ID group hypotheses is included in the SSS sequence. However, this two-stage cell ID detection scheme is reported to suffer from two issues. 

First, the PSS detection stage contributes dominantly to the overall detection complexity. Except for detecting one of the 3 identity hypotheses carried in PSS, timing and frequency-domain offset are also determined by PSS sequence detection, such that the total number of hypotheses for detection in this stage is much larger than the one in the SSS detection stage. In NR, the number of hypotheses for determining timing and frequency domain offsets is expected to be even larger than in LTE, which motivates the redesign of cell ID allocation between NR-PSS and NR-SSS in order to achieve acceptable complexity, especially for the NR-PSS detection. 
Secondly, the two-stage cell ID detection scheme has a false alarm issue, especially for neighboring cell search (see FIGURE 1). Due to the sequential nature of cell ID detection (where the detected cell ID is derived from the composition of two detected indices from the PSS and SSS detection stages, respectively), the UE on the cell edge ends up with detecting many false cell ID candidates (see FIGURE 2). Those false candidates can be removed in the PBCH detection, however, the periodicity of PBCH is much larger than PSS and SSS, and the capability of cell ID correction from PBCH detection is limited. Hence, fully relying on PBCH to remove the false candidates is not efficient, and it also causes increased latency in cell ID acquisition and degrades the performance of handover. 
An example of the typical scenario where the false alarm issues happen due to two-stage cell ID detection is illustrated in FIGURE 1, which is also considered as our baseline for multi-cell evaluation study. In this handover scenario, the UE receives signals with similar power from two gNBs in different cells, and the delay difference between two received signals is marginal. We evaluate the following alternatives for NR cell ID allocation: 
· Alt 1: 3 identity hypotheses in NR-PSS and 168 identity hypotheses in NR-SSS (as in LTE). 

· Alt 2: no identity hypothesis in NR-PSS and 504 identity hypotheses in NR-SSS. 
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FIGURE 1 Illustration of the false alarm issue due to two-stage cell ID detection.
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FIGURE 2 Illustration of the correlation profile when false alarm issue happens.
FIGURE 3 shows the evaluation results of the residual CFO from one-shot detection at -6 dB SNR, and FIGURE 4 shows the evaluation results of the timing detection error from one-shot detection at -6 dB SNR.TABLE 2 shows the comparison of the two alternatives for cell ID allocation, where a success of the cell ID detection is defined as either of the cell IDs in the handover scenario is detected correctly. In order to perform fair comparison (e.g. regardless of the particular design of sequences using repetition or interleaving), NR-PSS is using length-127 ZC-sequences, and NR-SSS is using length-126 sequences constructed by interleaving two length-63 M-sequences, as the baseline for both alternatives. From the evaluation results, it is observed that one-stage cell ID detection scheme (i.e., all 504 identities in NR-SSS) has much better timing and CFO detection capability, because one ZC-sequence has better capability to overcome time and frequency domain signal distortion comparing to three ZC-sequences, and the SFN effect for NR-PSS in Alt 2 further amplifies the gain. In another aspect, more number of identities hypotheses in NR-SSS may degrade the cell ID detection accuracy, and non-SFN effect for NR-SSS may amplify this issue for Alt 2 especially at low SNR region. However, from the evaluation results, it shows that the benefit from time and frequency detection accuracy can exceed the degradation in the loss of detecting more cell IDs, such that cell ID detection accuracy in Alt 2 is still better than the one in Alt 1. Based the evaluation results, and combining with consideration of reduction in NR-PSS detection complexity, for NR cell search, one-stage cell ID detection scheme shall be supported, where one out of the 504 cell ID hypotheses is included in the NR-SSS sequence only and no cell ID hypothesis is included in the NR-PSS sequence. 
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FIGURE 3 CDF of residual CFO from one-shot detection at -6 dB in multi-cell scenario.
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FIGURE 4 CDF of timing detection error from one-shot detection at -6 dB in multi-cell scenario.
TABLE 1 Evaluation comparison of alternatives for cell ID allocation (one-shot detection at -6 dB).

	
	90% residual CFO (ppm)
	90% timing error (# samples)
	Cell ID detection probability
	Normalized cell ID detection probability

	Alt 1
	1.63
	45725
	60.2%
	100.0%

	Alt 2
	0.43
	1
	62.8%
	104.2%


Proposal 2: NR shall support the one-stage cell ID detection scheme, where cell ID information is included in NR-SSS sequence only. 

3 NR-PSS Sequence Design

In LTE, the PSS is constructed from a frequency-domain ZC sequence of length 63, with the middle element punctured to avoid using the d.c. subcarrier. 3 root indices are selected for PSS to represent the 3 physical layer identities within each group of cells. The PSS sequence is transmitted in the central 6 Resource Blocks (RBs), invariant to the system bandwidth to enable the UE to synchronize without a priori information of the system bandwidth.
In NR, the transmission bandwidth of NR-PSS is considered to be larger than the one in LTE. The number of subcarriers to transmit NR-PSS is highly likely to be larger than the one in LTE as well, which allows for more reliable and robust NR-PSS sequence design. Frequency-domain ZC sequence has been testified to be a success in the capability of both time and frequency domain detection. Hence, NR shall support using ZC-sequences as a baseline for NR-PSS sequence design. 
Proposal 3: NR shall support using ZC-sequences for NR-PSS.
Given the fact that NR may have more resource elements for the NR-PSS sequence, repetition of short sequences in time and/or frequency domain, as well as interleaving short sequences can be studied for a more reliable design of NR-PSS. In this contribution, we study the following 5 alternatives for NR-PSS sequence design, using ZC-sequences. 

· Alt 1: One long ZC-sequence. 
· Alt 2: One short ZC-sequence with power boosting. 

· Alt 3: Repetition of two short ZC-sequences in the frequency domain. 

· Alt 4: One interleaved short ZC-sequence with zero-sequence. 

· Alt 5: Repetition of two short ZC-sequences in the time domain (doubled subcarrier spacing). 

FIGURE 5 illustrates the 5 alternatives for 4 GHz carrier frequency with 5 MHz bandwidth and 30 kHz subcarrier spacing. Note that the studied alternatives have the same overhead regarding the transmission resources, and comparable detection complexities. 
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FIGURE 5 Alternatives for NR-PSS sequence design.

FIGURE 6 shows the evaluation results of the residual CFO from one-shot detection for all the studied alternatives at -6 dB SNR, and FIGURE 7 shows the evaluation results of the timing detection error from one-shot detection at -6 dB SNR.TABLE 2 shows the comparison of NR-PSS design alternatives, where the NR-SSS is using one length-126 sequence constructed by interleaving two length-63 M-sequences as the baseline. From these evaluation results, it can be observed that the NR-PSS design alternatives have comparable performance regarding the cell ID detection accuracy, and have a trade off in time and frequency domain detection capabilities. More precisely, Alt 1, Alt 2 and Alt 3 have better time domain detection performance, but have worse frequency domain detection performance, comparing to Alt 4 and Alt 5. Hence, considering the best PAPR property and good capability in serving as DM-RS for other signals (e.g. NR-SSS and/or NR-PBCH), NR shall utilize Alt 1 for the NR-PSS sequence design. 
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FIGURE 6 CDF of residual CFO from one-shot detection at -6 dB.
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FIGURE 7 CDF of timing detection error from one-shot detection at -6 dB.
TABLE 2 Evaluation comparison of NR-PSS design alternatives (one-shot detection at -6 dB).

	
	90% residual CFO (ppm)
	90% timing error (# samples)
	Cell ID detection probability
	Normalized cell ID detection probability

	Alt 1
	1.22
	1
	64.0%
	100.0%

	Alt 2
	1.58
	1
	61.9%
	96.7%

	Alt 3
	1.40
	1
	62.4%
	97.4%

	Alt 4
	1.01
	8359
	64.4%
	100.6%

	Alt 5
	1.07
	7711
	63.6%
	99.4%


Proposal 4: NR shall utilize Alt 1for the NR-PSS sequence design. Particular length and root of the ZC-sequence can be further studied.  
4 NR-SSS Sequence Design
In LTE, the SSS is constructed based on the maximum length sequences (also known as M-sequences). Each SSS sequence is constructed by interleaving two length-31 subsequences in frequency domain, where the two subsequences are constructed from the same M-sequence using different cyclic shifts. The cyclic shift indices for both parts are based on the physical cell ID group information. The SSS sequence is also transmitted in the central 6 Resource Blocks (RBs), which is the same as PSS, to enable the UE to synchronize without a priori information of the system bandwidth, and perform coherent detection of SSS by using PSS as reference signals. 

In NR, the transmission bandwidth of NR-SSS is also considered to be larger than the one in LTE. The number of subcarriers to transmit NR-SSS is highly likely to be larger than the one in LTE as well, which enables more reliable and robust NR-SSS sequence design. Moreover, by a reason analogous to the two-stage (PSS-SSS) cell ID detection discussed in the preceding section, the SSS constructed from two subsequences also leads to amplifying the false alarm issue in neighboring cell search (due to high side lobes in the SSS cross-correlation profile). Therefore, NR-SSS shall be redesigned considering a wider range of sequence design methods (e.g. beyond M-sequences) to enable better performance on detection accuracy. 
In this contribution, two types of NR-SSS design are studied and evaluated, and NR-PSS sequence is common (e.g. using Alt 1 in the NR-PSS design) for the evaluation of NR-SSS designs for fair comparison.
· Alt 1: Interleaved two M-sequences. 

· Alt 2: Message-based transmission using RM codes. 
FIGURE 8 shows the comparison of the two alternatives for NR-SSS design. Message-based scheme with RM coding and coherent detection (NR-PSS served as DM-RS) achieves better cell ID detection accuracy for SNR region greater than -5 dB. Except for better detection accuracy, message-based scheme is also beneficial in lower detection complexity (e.g. for RM decoding). Moreover, CRC can be added to message-based scheme for NR-SSS construction, such that the UE can perform faster cell ID detection accuracy check comparing to sequence-based scheme, where the later scheme can only perform the cell ID detection accuracy check no earlier than the CRC in PBCH. 
Moreover, the repetition of NR-SSS sequences in time-domain should also be studied when the number of coherent combing of NR-SSS sequences is not sufficient (for example, for <6 GHz carrier frequency with 10 ms periodicity). Two copies of NR-SSS sequences can help with increasing the cell ID detection accuracy for both sequence-based and message-based schemes. Meanwhile, repetition of NR-SSS sequences can also facilitate the CFO detection by improving the residual CFO from the NR-PSS detection. 
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FIGURE 8 Cell ID detection error probability of NR-SSS design alternatives.
Proposal 5: NR shall study using a wider range of methods (e.g. message-based scheme using RM coding) for NR-SSS sequence design, and study using repetition of NR-SSS sequences in time-domain to achieve better detection accuracy.
5 Conclusions

This contribution presented an overview of NR-PSS and NR-SSS sequence design. Based on the discussion and evaluation results above, we have the following proposals
Proposal 1: NR shall support 504 physical layer cell identities. 
Proposal 2: NR shall support the one-stage cell ID detection scheme, where cell ID information is included in NR-SSS sequence only. 

Proposal 3: NR shall support using ZC-sequences for NR-PSS.

Proposal 4: NR shall utilize Alt 1for the NR-PSS sequence design. Particular length and root of the ZC-sequence can be further studied.  

Proposal 5: NR shall study using a wider range of methods (e.g. message-based scheme using RM coding) for NR-SSS sequence design, and study using repetition of NR-SSS sequences in time-domain to achieve better detection accuracy.
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Appendix

TABLE 3 Link Level Simulation Assumptions

	Parameter
	Assumption

	Carrier frequency
	4.0 GHz

	Transmission bandwidth
	5 MHz (12 RB)

	Subcarrier spacing
	30 kHz

	CFO 
	[-5 5] ppm

	SS block periodicity
	10 ms

	Antenna
	1×2

	Channel model
	CDL-C with 100 ns delay spread

	UE speed
	3 km/h

	PSS sequence
	ZC-sequence with length 127 (Alt 1) or 63 (Alt 2, 3, 4, 5)

	SSS sequence
	Interleaved M-sequence with length 63 or message based using RM coding 

	PSS and SSS multiplexing
	TDM

	Channel estimation
	MMSE

	Multi-cell scenario
	SNR difference: 0

Delay difference: 0
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Agreements:


For NR-PSS


ZC-sequence can be used as the baseline sequence for NR-PSS for study.


Other type of sequences are not excluded, e.g. low density power boosted sequence.


Study the following alternatives on the NR-PSS sequence length


Alt 1: using sequence whose length is longer than LTE.


Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.


Alt 2: using sequence whose length is shorter than LTE.


Alt 3: using sequence whose length is the same LTE.


Study the following alternatives on the sequence repetition


Alt 1: no repetition.


Alt 2: time-repetitive signal of NR-PSS across OFDM symbols


Alt 3: time-repetitive signal of NR-PSS within an OFDM symbol


Alt 4: frequency-repetitive NR-PSS sequences within an OFDM symbol (element-wise or sequence-wise).


For NR-SSS


Study the following alternatives for NR-SSS sequence design:


Alt 1: interleaving two M-sequences without scrambling using ID in PSS (no cell ID in NR-PSS).


Alt 2: interleaving two M-sequences with scrambling using ID in PSS as in LTE.


Alt 3: a root sequence cyclically shifted in time and/or frequency domain.


E.g. ZC-sequence or M-sequence with cyclic shifts.


Alt 4: message-based transmission (CRC and/or channel coding based). 


Alt 5: element-wise multiplication of the ZC-sequence and PN-sequence with cyclic shifts. 


Other alternatives are not excluded.  


Study the following alternatives on the NR-SSS sequence length:


Alt 1: using sequence whose length is longer than LTE.


Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.


Alt 2: using the same NR-SSS sequence length as in LTE.


Study the following alternatives on the sequence repetition/interleaving:


Alt 1: no repetition.


Alt 2: time-repetitive signal of NR-SSS within or across OFDM symbols.


Alt 3: frequency-repetitive sequences of NR-SSS within an OFDM symbol (element-wise or sequence-wise).


Alt 4: frequency interleaved sequence of NR-SSS using comb structure within a OFDM symbol.











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
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