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1 Introduction
During RAN1 NR Ad-Hoc meeting, the following study points were agreed for NR primary and secondary synchronization signal, i.e. NR-PSS and NR-SSS, sequence design [1]: 
Agreements:
· NR defines at least one basic sequence length for each synchronization signal in case of sequence-based synchronization signal design

· Down-select from following candidates based on at least subcarrier spacing and bandwidth consideration for synchronization signals

· Alt.1: sequence length is about 255

· Alt.2: sequence length is about 127

· Alt.3: sequence length is about 63

· Note even number is not precluded
· Note that this is total length of basic sequence that may be constructed by concatenation of multiple sequences like LTE-SSS
· Striving for the design where NR-SS for different usage scenario (e.g., different frequency range) can be generated by using basic sequence length (e.g., applying different subcarrier spacing value)
· FFS: repetition/concatenation of same or different sequence with the same basic sequence length in frequency domain, repetition/concatenation of same or different sequence with the same basic sequence length in different OFDM symbols, single basic sequence mapped to multiple OFDM symbols, mapping the basic sequence to every N subcarriers, defining additional longer sequence than basic sequence

· FFS on message-based synchronization signal design

In [2], we proposed multiple sub-band based SS block composition to support various UE bandwidths and/or NR carrier bandwidths. Concatenation of two or more sequences for wideband PSS/SSS may be suitable for a multiple sub-band synchronization signal (SS) block, since multiple sequences can be mapped to multiple sub-bands. In this document, we provide design details of concatenation based wideband PSS/SSS, and present performance evaluation results including comparison with long single sequence based wideband PSS/SSS. 
2 Concatenation based wideband NR-PSS/SSS
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 [2] 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). 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.  
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 (a) 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). In Figure 1 (b), four sequences are concatenated to construct the wideband SS. Note that guard subcarriers exist between Sequence 1 and other sequences, in order to provide enough guard bands for operation of the narrowband receiver.  
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(a) 2 sequence concatenation (b) 4 sequence concatenation
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Figure 1 Wideband SS construction via concatenation of length-L sequences 
3 Performance comparison 
Table 1 presents simulation parameters used for link-level performance evaluation of wideband PSS/SSS and LTE PSS/SSS. Results for 2-sequence concatenation in 2.16MHz SS transmission bandwidth (Example 1) and for 4-sequence concatenation in 4.32 MHz SS transmission bandwidth (Example 2) are presented and compared as follows:  

· Curves for Example 1 (CFO at UE receiver: up to +/- 20KHz) – UE speed 3km, 120km
· PSS missed detection probability for length-127 ZC  

· PSS missed detection probability for 2 length-63 sequence concatenation

· PSS/SSS combined missed detection probability for 2 length-63 sequence concatenation
· PSS/SSS combined missed detection probability for LTE PSS/SSS
· Curves for Example 2 (CFO at UE receiver: up to +/- 20KHz) - UE speed 3km, 120km
· PSS missed detection probability for length-255 ZC  

· PSS missed detection probability for 4 length-63 sequence concatenation

· PSS/SSS combined missed detection probability for 4 length-63 sequence concatenation
· PSS/SSS combined missed detection probability for LTE PSS/SSS
Assuming wideband UE, we compared the detection performances of one long sequence (length-127 and 255) based wideband PSS/SSS with the performances of two and four sequence concatenation based wideband PSS/SSS (constructed according to Figure 1 (a) and (b), respectively). Figure 4 and Figure 5 show that the wideband PSS/SSS (approximately 4 times wider than LTE) significantly outperform LTE PSS/SSS, with ~8 dB SNR gains at 1% missed detection rate. In addition, the four sequence concatenation based PSS performs similarly to the single long sequence based PSS (i.e. ~0.25dB SNR difference at 1% missed detection). Cell detection receiver complexity is similar for both cases (i.e. 4 sequence concatenations and 1 long sequence). PSS/SSS detection probability is defined such that the detected PSS sequence index and SSS sequence index are correct, and detected timing is within the CP length. Note that detection threshold was set tight enough to make PSS detection false alarm rate lower than 1% and to result in almost same performances for PSS only detection and PSS/SSS combined detection.
Table 1 Simulation parameters for link-level evaluation of Example 1&2
	Parameters
	Values

	Carrier Frequency
	4 GHz

	Channel Model
	ETU

	Subcarrier Spacing(s)
	15 KHz 

	UE speed
	3 km/h, 120 km/h

	Search window
	5ms

	Antenna configuration at the TRP
	1 omni-directional antenna, 1Tx port 

	Antenna configuration at the UE
	2 omni-directional antennas, 2Rx ports

	Number of Cell IDs
	504 (3 PSS sequence indices, 168 SSS sequence indices)

	Length-63 ZC root-sequence indices for sequence concatenation based PSS 
	Sequence 1: [25, 29, 34] Sequence 2: [17, 26, 46]
	Sequence 1: [25, 29, 34]
Sequence 2: [16, 23, 40]

Sequence 3: [17, 26, 46]  
Sequence 4: [20, 24, 37]

	ZC root-sequence indices for single long sequence based PSS 
	Length-127 ZC: [35, 51, 64] 
	Length-255 ZC: [79, 122, 163]

	Concatenation based SSS sequence generation
	· Sequence 1 (length- 63): Same as LTE SSS

· Sequence 2 (length-63):  Generated as LTE SSS but with
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	· Sequence 1 (length- 63): Same as LTE SSS
· Sequence 2 (length-63):  Generated as LTE SSS but with
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·  Sequence 3 (length-63):  Generated as LTE SSS but with 
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· Sequence 4 (length-63):  Generated as LTE SSS but with 
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	Transmission bandwidth for wideband PSS/SSS (including guard subcarriers)
	2.16 MHz
	 4.32 MHz


Note 1: A single BS is modelled.
Note 2: PSS detection probability is the probability that the detected PSS sequence index is correct, and detected timing is within the CP length.
Note 3: PSS/SSS detection probability is the probability that the detected PSS sequence index and SSS sequence index are correct, and detected timing is within the CP length.

Note 4: Detection threshold was set such that PSS detection false alarm rate is lower than 1%.
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Figure 2 Performance of one-shot SS missed detection (3km/h UE speed, 2.16 MHz SS BW, CFO at UE: up to ±5ppm)
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Figure 3 Performance of one-shot SS missed detection (120km/h UE speed, 2.16 MHz SS BW, CFO at UE up to ±5ppm)
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Figure 4 Performance of one-shot SS missed detection (3km/h UE speed, 4.32 MHz SS BW, CFO at UE up to ±5ppm).
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Figure 5 Performance of one-shot SS missed detection (120km/h UE speed, 4.32 MHz SS BW, CFO at UE up to ±5ppm).
4 Conclusion
In summary, we propose the followings for NR synchronization signal design:

· Observation 1: Wideband PSS/SSS (4.32MHz SS transmission bandwidth) significantly outperforms LTE PSS/SSS, with 8dB SNR gains at 1% missed detection rate.

· Observation 2: Multi-sequence concatenation based wideband PSS/SSS performs comparably to single long sequence based wideband PSS/SSS.  

· Proposal 1: Consider wideband NR-PSS/SSS (wider transmission bandwidth than LTE) consisting of three sub-bands, i.e. one sub-band located in the center of the SS transmission band and other two sub-bands located in both edges of the SS transmission band, to support both narrowband UEs and normal (i.e. wideband) UE.
· Proposal 2: Consider NR-PSS/SSS sequences constructed by concatenating multiple sequences.
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