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1. Introduction

In RAN1 #87 and NR Ad-hoc meeting, the agreements for the design of synchronization signal were made as follows [1, 2]:

	Agreements: (RAN1 #87)

· 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 an OFDM symbol.

	Agreements: (RAN1 NR adhoc)

· Down-select the number of NR cell IDs in PSS and SSS from

· Alt 1: 504

· Alt 2: about 1000 to 2000

· Alt 3: 600

· Note that other information is not excluded from PSS/SSS

· Down-select from the following alternatives on the number of NR-PSS sequence(s):

· Alt 1: One

· Alt 2: Two

· Alt 3: Three

· Alt 4: Four

· Alt 5: Six

Companies are encouraged to evaluate and down-select from the above alternatives in the next meeting.


In this contribution, we discuss further for NR-SS design, and provide some evaluation results for NR-SS proposals.

2. Considerations for NR Synchronization Signal Design 

The Number of Physical Cell ID in PSS and SSS 

In NR system, at least 504 Cell-ID should be supported, because NR could have more dense deployment than LTE deployment. However, we think that careful observation based on the deployment assumption provided by operator is necessity in order to decide the exact number of required Cell-ID. 

Proposal 1: NR should support at least 504 Cell-ID, and more cell-ID could be defined (if necessary)

The Number of Synchronization Signal Sequences
In NR system, more detection complexity is required for cell-ID acquisition, because the search bandwidth for NR-SS in frequency domain is increased. Also, considering on supporting wider transmission bandwidth for above 6GHz, time domain sampling rate for NR-SS should be also increased, which brings to increase NR-SS detection complexity in UE side. However, low detection complexity in UE side is preferred for fast initial access acquisition and UE power saving. Therefore, NR should strive to design NR-SS sequence which provides less detection complexity.

If it is considered that the main portion of cell searcher complexity belongs in PSS detector, it should be supported to introduce small number of sequence for NR-PSS. So, we propose that NR-PSS consists of single sequence. In case of NR-PSS with single sequence, the number of NR-SSS sequence could be three times more than LTE system (if 504 cell-ID is introduce). For NR-SSS sequence, we need to design new sequence for NR-SSS with a good cross correlation property.

Proposal 2: NR should support that NR-PSS consists of single sequence, and new sequence for NR-SSS with a good cross correlation property is designed.

Subcarrier Spacing for Synchronization Signal
Taking into consideration similar cell coverage with LTE system in below 6GHz, it is preferable that CP length is about 4us and subcarrier spacing sets as 15 kHz. However, higher frequency band (4~6GHz) is adopted as NR band, and UE in NR system experiences larger frequency offset. Therefore, robustness to frequency offset should be taking into consideration in PSS sequence design, and 30 kHz sub-carrier spacing can be considered as an alternative (e.g. single sequence with 30kHz sub-carrier spacing, repeated sequence with a comb-type of 15kHz sub-carrier spacing, etc). On the other hand, for SSS sequence, same sub-carrier spacing is preferred for the convenience of implementation.

In above 6GHz, a larger sub-carrier spacing is used for data channel and sub-carrier spacing for synchronization signal is also increased proportional to sub-carrier spacing for data channel.

Proposal 3: NR-SS should support 15 kHz subcarrier spacing for below 6 GHz, and 120 kHz subcarrier spacing for above 6GHz (i.e. from 6GHz to 52.6 GHz)

Synchronization signal Bandwidth
Considering UE detection complexity, a narrow bandwidth (1.08MHz in LTE system) can be a good candidate for synchronization signal. On the other hand, unlike LTE system, when sparser transmission of synchronization signal for network power saving and UE side one shot detection are taking into consideration, wider bandwidth might become preferable. However, it is hard to expect that NR-SS with wider bandwidth provides detection performance enhancement due to non-coherent detection in frequency selective channel, while wider bandwidth based NR-SS design brings to increase detection complexity in UE side due to finer time sampling rate. So, if one shot detection in UE side is an important assumption for NR-SS design, we recommend that NR-SS is designed with narrow bandwidth for keeping detection complexity in UE side, and power boosting for NR-SS is introduced for detection performance enhancement (if necessity).

Proposal 4: NR-SS should be designed based on narrow bandwidth (i.e. 1.08MHz for below 6GHz, and 8.64MHz for above 6GHz), and power boosting for NR-SS can be considered for detection performance enhancement (if necessity).

Sequence length for NR-SS 

If we consider 15kHz sub-carrier spacing and 1.08MHz bandwidth, the sequence length of NR-PSS and NR-SSS can be determined as around 63, where the NR-PSS and/or NR-SSS sequence consists of N component sequences, the length of each component sequence is half (or quarter) length of total sequence length.

Proposal 5: The sequence length of NR-PSS and/or NR-SSS sequence can be determined as around 63, if 15kHz subcarrier spacing and 1.08MHz bandwidth is considered.

3. NR PSS and SSS sequence design
3.1 PSS sequence
In LTE system, PSS is defined to detect sub-frame boundary, and ZC sequence is used for PSS design. As already known, ZC sequence could induce timing ambiguity to large carrier frequency offset. In order to resolve the timing ambiguity, we can consider following two solutions for PSS sequence design:
· Solution.1: Sub-carrier spacing for PSS is increased. (e.g. 30kHz)
· Solution.2: Some modified sequence of ZC-sequences is used with robustness to frequency offset. (e.g. Using an interleaved form of two sequences in frequency domain or concatenated sequence of two sequences in time domain)
Especially, for the solution 2, two alternatives can be considered as below:
· Alt 1: Concatenated ZC sequence in frequency domain 
Using an interleaved form of two sequences in frequency domain
1 Sequence: Length-31 ZC sequence (root index is 7)
2 Subcarrier spacing: 15 kHz 

3 Bandwidth: 1.08 MHz (72 subcarriers per one symbol)
4 Number of hypothesis : Single
· Alt. 2: Concatenated ZC sequence in time domain
Using concatenated form of two sequences in time domain
1 Sequence: Length-17 ZC sequence (root index is 7 for each symbol, cover code [1, 1, -1, 1] can be used)
2 Subcarrier spacing: 60 kHz 

3 Bandwidth: 1.08 MHz (18 subcarriers per one symbol)
4 Number of hypothesis : single
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 (a) Alt.1 Concatenated ZC sequence in frequency domain
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 (b) Alt.2 Concatenated ZC sequence in time domain
Figure 1. Alternatives for PSS Sequence Design 
In order to observe the timing ambiguity of the proposed solution 1 and 2 according to frequency offset value, we provide cross correlation properties of the sequence in figure 2 and 3. In this observation, we assume that frequency offset range is from -30kHz and 30kHz. 

[image: image3] 
Figure 2. Timing ambiguity of solution 1 (Original sequence with increased sub-carrier spacing)
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(a) Concatenated ZC sequence in frequency domain 

[image: image5]
(b) Concatenated ZC sequence in time domain 
Figure 3. Timing ambiguity of solution 2 (modified sequence of ZC-sequences)
Figure 2 shows the time ambiguity by frequency offset can be relaxed with help from larger sub-carrier spacing, regardless of the same properties with LTE PSS signal. However, solution 1 becomes fragile for larger path delay due to short CP length. On the other hand, in figure 3, it is observed that the property of robustness to frequency offset is provided by the modified sequence of both frequency and time domain concatenation.
Observation 1: A sequence concatenated with two ZC sequences is robust against large frequency offset.
3.2 SSS sequence 

As aforementioned, it is proposed that single NR-PSS candidate and multiple NR-SSS candidates should be considered, and the transmission bandwidth and time duration for NR synchronization signal is similar with that of LTE. From the aspects, we propose new sequence design of NR-SSS as follows.
· 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)
4. Evaluation results

4.1 NR-PSS sequence comparison
In this section, mean acquisition time evaluation results are presented. The evaluation assumptions are summarized in table 1 in appendix A. In these evaluation results, we considered pure ZC sequence, proposed PSS sequence presented in section 3 (i.e. Solution 1, Alt.1 of solution 2, and Alt.2 of solution 2) and modified Alt 2 of solution 2, which are as followings. Also, SSS sequence described in section 3 is introduced for these evaluations.
(1) 63-ZC sequence: Length 63-ZC sequence, bandwidth for synchronization signal is 1.08 MHz, subcarrier spacing is 15 kHz, and using 1 symbol for PSS and SSS.
(2) Solution. 1: Length 63-ZC sequence, bandwidth for synchronization signal is 2.16 MHz, subcarrier spacing is 15 kHz, and using 1 symbol for PSS and SSS, sequence is designed as comb type.
(3) Alt. 1 of solution. 2: Bandwidth for synchronization signal is 1.08 MHz, subcarrier spacing is 15 kHz, and using 1 symbols for PSS and SSS.
(4) Alt. 2 of solution. 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, cover code is used. 
(5) Alt. 2-1 of solution. 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, no cover code is used.
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(a) Alt.1 of solution 2
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(b) Alt.2 of solution 2
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(c) Alt.2-1 of solution 2

Figure 4. Synchronization Signal Block for evaluation
From figure 5, we provide CDFs of acquisition time of proposed NR-PSS design according to frequency offset value (i.e. 5ppm and 10ppm) in order to see the robustness against higher frequency offset. In these evaluations, we assume that same detection method in Appendix B is applied for all NR-PSS sequence, and same NR-SSS is used.

[image: image9]
(a)  Frequency Offset set (5 ppm)

[image: image10]
(b) Frequency Offset set (10 ppm)
Figure 5. CDFs of acquisition time of proposed NR-PSS
From the figure, it is observed that Alt. 2-1and Alt. 2 have more robust performance against frequency offset than other alternative solutions, under the same receiving complexity. Also, time domain concatenated ZC sequence provide low PAPR
Observation 1: Concatenated form of ZC sequences in time domain shows robust performance against frequency offset, and provides low PAPR.

4.2 NR-SS transmission bandwidth
In order to see the detection performance according to NR-SS transmission bandwidth, we provide evaluation result of NR-SS. In these evaluation results, we assume three types of bandwidth for SS sequence transmission (i.e. 1.08MHz, 2.16MHz, 4.32MHz) with same subcarrier spacing (i.e. 15kHz) and same time duration (i.e. about 70us). For SS sequence, Alt.2 sequence described in section 3 (subcarrier spacing is 60 kHz for PSS and 15 kHz for SSS, and using 4 symbols for PSS and 1symbol for SSS, no cover code is used) is assumed, also sequence length is extended to fit the bandwidth. In order to assume same transmission power for all cases, we consider power boosting for narrow bandwidth case. We describe detail combinations for alternatives according to transmission bandwidth and power as below:
(1) BW 1.08MHz: Bandwidth for synchronization signal is 1.08MHz with 6dB power boosting 
(2) BW 2.16MHz: Bandwidth for synchronization signal is 2.16 MHz with 3dB power boosting 
(3) BW 4.32MHz: Bandwidth for synchronization signal is 4.32 MHz with no power boosting, 

[image: image11]
Figure 9. CDFs of acquisition time for different Bandwidth (Alt.2 is used)

From the CDFs of acquisition time, it is observed that the case of 1.08MHz with 6dB power boosting provide better performance than 2.16MHz and 4.32MHz. Since non-coherent detection is applied for synchronization signal detection, detection performance of wider bandwidth (e.g. 2.16MHz, 4.32MHz) becomes worse in frequency selective channel. Furthermore, detection complexity for wider bandwidth in UE side is higher than that of narrow bandwidth.
Observation 2: Synchronization detection performance of large bandwidth sequence (e.g. 2.16MHz, 4.32MHz) is degraded in frequency selective channel because non-coherent detection is operated for synchronization detection. Furthermore, detection complexity for large bandwidth sequence should be increased.
5. Conclusion
In this contribution, we discussed NR SS sequence design and bandwidth for NR SS sequence. Following observations and proposals are given, based on the discussion.

Proposal 1: NR should support at least 504 Cell-ID, and more cell-ID could be defined (if necessary)

Proposal 2: NR should support that NR-PSS consists of single sequence, and new sequence for NR-SSS with a good cross correlation property is designed.
Proposal 3: NR-SS should support 15 kHz subcarrier spacing for below 6 GHz, and 120 kHz subcarrier spacing for above 6GHz (i.e. from 6GHz to 52.6 GHz)

Proposal 4: NR-SS should be designed based on narrow bandwidth (i.e. 1.08MHz for below 6GHz, and 8.64MHz for above 6GHz), and power boosting for NR-SS can be considered for detection performance enhancement (if necessity).

Proposal 5: The sequence length of NR-PSS and/or NR-SSS sequence can be determined as around 63, if 15kHz subcarrier spacing and 1.08MHz bandwidth is considered.

Observation 1: Concatenated form of ZC sequences in time domain shows robust performance against frequency offset, and provides low PAPR.

Observation 2: Synchronization detection performance of large bandwidth sequence (e.g. 2.16MHz, 4.32MHz) is degraded in frequency selective channel because non-coherent detection is operated for synchronization detection. Furthermore, detection complexity for large bandwidth sequence should be increased.
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Appendix A:
Table 1. 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, 10ppm

	False alarm rate
	Less than 1% false alarm rate

	PSS/SSS detection
	One shot detection

	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: The detection method of these evaluations
In these evaluations, same detection method is used. In each evaluation frequency offset is changed by 4kHz, and 3 peak correlation values are searched among all evaluation results. And then, three positions from the largest PSS correlation metric are picked. For each position, it takes correlation with specific SSS sequence, finds the maximum value corresponding to the cell ID. If detected Cell ID and gNB’s Cell ID match, then acquisition time is recorded.
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