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1. Introduction
In RAN1#88bis meeting, during the discussion on NR synchronization signal (SS) the following package of agreements was made [1]:
	Agreements:
· Working assumption: Number of PSS sequences: 3
· PSS sequence details:
· Frequency domain-based pure BPSK M sequence (fixing the time/freq. offset ambiguity)
· 1 polynomial:  Decimal 145 (i.e. g(x) = x7 + x4 + 1)
· In freq. domain 3 cyclic shifts (0, 43, 86) to get the 3 PSS signals
· Initial poly shift register value: 1110110
· FFS modified ZC: 2 ZC sequences concatenation or interleaving in time or freq., 4 ZC sequences concatenation in time
· Number of SSS signals: 1000 post-scrambling
· PSS sequence length: 127 for frequency domain-based pure BPSK M sequence
· Note that PSS will be mapped to consecutive 127 subcarriers
· SSS sequence length: 127
· Subcarrier spacings for PSS/SSS for difference freq. ranges: 15kHz/30kHz for below 6 GHz, and 120kHz/240kHz for above 6 GHz
· Note: RAN1 assumes that RAN4 will decide it depending on frequency ranges
· SSS sequence details: Long M-sequence with scrambling
· SYNC frequency raster: RAN1 assumes that RAN4 will decide it 
· SS burst set periodicity default value for initial cell selection: 20/20 msec
· Note that RAN1 assumes that RAN4 will investigate requirements
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec



However, there are still remaining details on SS sequence design. In this contribution we provide our proposals to address these remaining details.

2. [bookmark: _Ref478482558]Remaining Details on PSS Sequence Design
Although, the current working assumption (WA) about the NR PSS sequence is to use the pure BSPK m-sequence in the frequency domain, there are still two options FFS. Both options are based on modified Zadoff-Chu (MZC) sequence:
· Option-1: 2 ZC sequences concatenated or interleaved in time or frequency domain;
· Option-2: 4 ZC sequences concatenated in the time domain.

In this section, we compare the WA NR PSS vs. MZC Option-1 with 2 ZC sequences interleaved in the frequency domain as described in [2] and WA NR PSS vs. MZC Option-2 with 4 ZC sequences concatenated in the time domain as described in [3]. According to the WA, there are 3 PSS sequences in NR. However, for our comparisons we used only one WA NR PSS with zero shift in the frequency domain.
[bookmark: _GoBack]An important characteristic of SS sequence is an ambiguity function produced by the signal generated based on this sequence. For better time and frequency offset detection, the ambiguity function should possess a sharp peak with low side-lobes. In Figure 1, the ambiguity function is plotted for the three considered SS sequences: WA NR PSS (a), MZC Option-1 (b) and MZC Option-2 (c).
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	(a)	(b)	(c)
[bookmark: _Ref481328858]Figure 1. Ambiguity function
From Figure 1a, it can be seen that the ambiguity function for the WA NR PSS has the smallest side-lobes. The highest side-lobe level of 0.5 (see Figure 1c) corresponds to the MZC Option-2 due to its repetitive structure in the time domain.
Observation 1:
· WA NR PSS has the best time/frequency ambiguity function, i.e., with the smallest side-lobes

The next parameters for comparison were PAPR (Peak-to-Average Power Ratio) and CM (Cubic metric). In Table 1, the summary of PAPR/CM is given for WA NR PSS and MZC Options-1,2.
[bookmark: _Ref481331764]Table 1. PAPR/CM comparison
	
	Sequence #1
	Sequence #2
	Sequence #3

	
	PAPR, dB
	CM, dB
	PAPR, dB
	CM, dB
	PAPR, dB
	CM, dB

	NR WA
	5.811
	1.218
	5.862
	1.344
	5.847
	1.415

	MZC Option-1
	6.37
	2.83
	-
	-
	-
	-

	MZC Option-2
	2.83
	0.11
	-
	-
	-
	-



From Table 1, it can be seen that MZC Option-1 has the highest PAPR/CM values. The lowest PAPR/CM correspond to MZC Option-2. Although all three WA NR PSS sequences have PAPR/CM higher than MZC Option-2, the metrics are still lower than the PAPR/CM values corresponding to MZC Option-1. It should be noted that QPSK modulated data signals using DFT-s-OFDM result in median CM of 1.22 dB (See Figure 8 from Appendix A). So any signals in the realm of 1.22 dB CM can be considered power efficient signals that have low PAPR. Based on the comparison of PAPR/CM for the WA NR PSS (Table 1) and DFT-s-OFDM-modulated QPSK data (Figure 8) it can be stated that from the DL point of view the WA NR PSS is already power efficient. For example, in highly loaded scenarios when the SS are highly liked to be FDM multiplexed with other DL signals, especially, data transmissions.
Observation 2:
· WA NR PSS has PAPR/CM values that are comparable with DFT-s-OFDM signals and have sufficiently low PAPR/CM values.

To compare the detection performance of the considered NR PSS alternatives, we ran a number of simulations to plot the curves of Miss-detection rate vs. SNR and Ghost cell detection rate vs. SNR as shown in Figure 2. Here, we assume that the miss-detection is the event when the cell searcher is unable to detect at least one PCID of the cell actually transmitting NR SS. The ghost cell detection is the event when the cell searcher detects PCID, which do not correspond to any cell, actually transmitting NR SS. Such event can happen if side-lobes of the PSS detection are large enough to be registered as peak detection. From the ambiguity function analysis, MZC Option-2 does exhibit bad ambiguity side-lobes due to the time repetition structure. In our simulations, the number of cells actually transmitting NR SS was equal to 1. However, the cell searcher was mandated to report 3 PCID values (if detected). The reported PCIDs may be the same, which means PSS peaks and SSS detected by the cell searcher correspond to the same cell, or may be different. Our focus was on the single shot detection during the initial cell search, i.e., when the initial CFO (Carrier Frequency Offset) is distributed within ±5 ppm.
[image: ] [image: ]
	(a) Miss-detection rate	(b) Ghost detection rate
[bookmark: _Ref481410750]Figure 2. Single shot detection performance during initial cell search
The cell is registered as the detected one if the detection metric exceeds the FA (false alarm)-based threshold. For all simulated cases, the detection threshold was set to ensure the FA rate being less or equal to 0.1%.
From Figure 2a, it can be seen that the miss-detection rate for all PSS sequences is the same. This is because the strongest detected PSS peaks always contain the peak corresponding to the actually transmitting cell. The situation for the ghost detection rate is different. Due to the high side-lobes in the ambiguity function of MZC Option-2 (see Figure 1c), the highest ghost detection rate corresponds to MZC Option-2 as shown by the red curve in Figure 2b. At the same time, the WA NR PSS has the lowest ghost detection rate. 
Observation 3:
· The WA NR PSS has the lowest ghost detection rate.

Also the curves from Figure 2b for the WA NR PSS, MZC Option-1 and MZC Option-2 demonstrate quite different behavior. The ghost detection rate of the MZC Option-2 increases with SNR increase and then saturates (approximately when SNR > -1 dB). This can be explained by no peaks are detected at all in the low SNR region because the detection metrics of the peaks are lower than the FA-based threshold. For higher SNR values, more peaks begin being detected (i.e., peaks’ metrics exceed the FA-based threshold). However, some of the peaks are actually the side-lobes without any corresponding valid NR SSS for correct PCID detection. In case of the WA NR PSS and MZC Option-1, the ghost detection rate is also increases at low SNRs by the same reason as for MZC Option-2. Then, the SNRs become suitable for correct detection of the cell (i.e., with valid PCID), and there are no other detected peaks, i.e., the ones exceeding the FA-based threshold (because the ambiguity function has no high side-lobes as in case of MZC Option-2).
Based on the observations provided in this section, we make the following proposal:
Proposal 1:
· Confirm the WA to have 3 pure BPSK modulated circularly shifted m-sequences in the frequency domain as NR PSS sequences

3. [bookmark: _Ref478506178]Remaining Details on SSS Sequence Design
The main design goal for NR SSS is to provide a large pool of sequences with the lowest maximum cross-correlation. To achieve this goal, we proposed the NR SSS structure based on the Gold code [4] where two long m-sequences of length L=127 may be generated from different primitive polynomials, and bitwise XOR operated to generate one long Gold sequence. Usually, the number of used primitive polynomials is limited, and different cyclic shifts are applied to the constituent m-sequences to generate the pool with the size greater or equal to 1000 sequences. In this section, we consider the following options for the Gold code-based NR SSS sequence generation:
· Option-1: 1 polynomial, 9 cyclic shifts (the parameters to get the 1st constituent m-sequence) X 1 polynomial, 127 cyclic shifts (the parameters to get the 2nd constituent m-sequence);
· Option-2: 1 polynomial, 3 cyclic shift X 3 polynomials, 127 cyclic shifts;
· Option-2: 3 polynomial, 3 cyclic shift X 1 polynomials, 127 cyclic shifts;
· Option-4: 1 polynomial, 1 cyclic shift X 8 polynomials, 127 cyclic shifts.

For all the considered options, the NR SSS sequence is defined as

,
and

,




where  and  are the constituent m-sequences generated form primitive polynomials,  and  are cyclic shift values for the 1st and 2nd constituent m-sequence, respectively.
· 


Option-1,,  and  takes 9 different values.
· 


Option-2,,  and  takes 3 different values.
· 


Option-3,,  and  takes 3 different values.
· 


Option-4,,  single value and . 


In all options,  takes 127 different values, and the initial state of the linear feedback shift registers is the following:


 .
The mapping of NR SSS sequence elements on subcarriers is the same for all options and illustrated in Figure 3.
[image: ]
[bookmark: _Ref481429993]Figure 3. NR SSS mapping
The first parameter for comparison of the NR SSS options is the maximum cross-correlation value within the pool. After testing all primitive polynomials for L=127, we composed the maximum cross-correlation profiles of all options and plot them in Figure 4.
[image: ][image: ]
	(a) Option-1	(b) Option-2
[image: ][image: ]
	(c) Option-3	(d) Option-4
[bookmark: _Ref481432560]Figure 4. Max cross-correlation profiles for Option-1~4 (L=127)
From Figure 4, it can be seen that Option-1 can provide the lowest maximum cross-correlation value of 0.1339.
Observation 4:
· NR SSS Option-1 can provide the lowest maximum cross-correlation value of 0.1339.

Based on the observation above, we chosen Option-1 for further evaluation. To narrow down the details of NR SSS generation, we considered such parameters as cross-correlation between NR PSS and SSS and PAPR/CM of NR SSS. Using the computer-aided search, we found the suitable combinations of primitive polynomials indices for the 1st and 2nd constituent m-sequence and cyclic shift values for the 1st constituent m-sequence. The selected primitive polynomials and cyclic shift values are the following:
g0(x) = x7 + x4 + 1 – polynomial for the 1st constituent m-sequence;
g1(x) = x7+x6+1 – polynomial for the 2nd constituent m-sequence;
CS1 = {16,17,18,19,23,25,27,37,38} (total of 9) – cyclic shifts of the 1st constituent m-sequence;
CS2 = {0,1, …, 125, 126} (total of 127) – cyclic shifts of the 2nd constituent m-sequence.
Detailed description of the proposed SSS is shown in Appendix B. According to the latest agreements (see Introduction), both WA NR PSS and SSS are based on m-sequence and, therefore, potentially may have high cross-correlation with each other. The results of cross-correlation profiling for the WA NR PSS and NR SSS Option-1 (using the parameters from Table 2) as well as the time domain cross-correlation between NR PSS and SSS are summarized in Figure 5. From the provided results, we can see that NR SSS Option-1 has small cross-correlation with NR PSS. For example, the maximum cross-correlation between NR PSS and SSS is 0.1339 (see Figure 5a).
[image: ] [image: ]
	(a) Cross-correlation profile	(b) Time domain cross-correlation
[bookmark: _Ref481447370]Figure 5. Cross-correlation results for the WA NR PSS and NR SSS Option-1
Observation 5:
· It is possible to select primitive polynomials and cyclic shifts such that WA NR PSS and NR SSS Option-1 have small cross-correlation.

Regarding the CM of NR SSS generated according to Option-1, we provide the CDF of the distribution of CM values in Figure 6. From this figure, it can be seen that the highest CM value is 5.2 dB which equals the highest CM of OFDM-modulated data occupying 24 PRBs (see Appendix A).
[image: ]
[bookmark: _Ref481449545]Figure 6. CDF of the CM distribution for NR SSS Option-1
Observation 6:
· The value of CM for NR SSS generated according to Option-1 does not exceed 5.2 dB which is equal to the OFDM-modulated QPSK data occupying 24 PRBs.

Finally, the detection performance of the proposed NR SSS design option was compared against the reference NR SSS design described in [5] assuming the same NR PSS (WA). The corresponding results are provided in the Appendix C. From the results, it can be seen that both proposal and reference have the similar performance for a single cell scenario because these two NR SSS designs are based on the long sequence. Given that single cell detection performance is similar, we should choose a candidate that has lower cross-correlation profile which will aid in suppressing ghost cell detection in multi-cell environments.
Based on the observations provided in this section, we make the following proposal:
Proposal 2:
· Adopt Option-1 for the NR SSS generation with two primitive polynomials to generate two different m-sequences with 9 different cyclic shifts applied to the 1st constituent m-sequence and 127 cyclic shifts applied to the 2nd constituent m-sequence.

4. Summary
In this section, we provide the full list of proposals made during the discussion on remaining details of SS sequence design.
Proposal 1:
· Confirm the WA to have 3 pure BPSK modulated circularly shifted m-sequences in the frequency domain as NR PSS sequences

Proposal 2:
· Adopt Option-1 for the NR SSS generation with two primitive polynomials to generate two different m-sequences with 9 different cyclic shifts applied to the 1st constituent m-sequence and 127 cyclic shifts applied to the 2nd constituent m-sequence.
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Appendix A – PAPR/CM of QPSK Data
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	(a)	(b)
Figure 7. PAPR/CM of OFDM-modulated QPSK data
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[bookmark: _Ref481792778]Figure 8. PAPR/CM of DFT-s-OFDM-modulated QPSK data

Appendix B – Proposed NR SSS Description

	Intel
	Figure
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Sequence generation

The sequence used for the second synchronization signal is a bitwise XOR of two length-L binary m-sequences generated from g1(x) and g2(x) primitive polynomials, respectively. 

The SSS sequence, d(n), is defined as


The two sequences c0(n) and c1(n) are defined as two different cyclic shifts of the m-sequence s0(n) and s1(n) according to

,
where L= 127, and s0(n) and s1(n) are the m-sequence generated from primitive polynomials g0(x) and g1(x), respectively.


Physical cell ID, NID, is determined by









Note that  is the parameter used to derive the PSS sequence.

s0(n) and s1(n) are m-sequences generated from g0(x) = x7 + x4 + 1, and g1(x) = x7 + x6 + 1, respectively. Both m-sequences are generated with initial conditions {0,0,0,0,0,0,1}.

The sequence s0(n) can be provided in the following recursive form

,
s(0) = s(1) = s(2) = s(3) = s(4) = s(5) = 0, s(6) = 1,

The sequence s1(n) can be provided in the following recursive form

,
s(0) = s(1) = s(2) = s(3) = s(4) = s(5) = 0, s(6) = 1,

Mapping to resource elements

For length 127 sequence, the sequence  shall be mapped to the resource elements according to 


The primary synchronization signal shall be mapped to symbol l of the SS block.

Resource elements  in the OFDM symbols used for transmission of the primary synchronization signal where k = -72, -71, …, -65, -64, 64, 65, …, 72 are reserved and not used for transmission of the primary synchronization signal.

Mapping to antenna port
The same antenna port as for the primary synchronization signal shall be used for the secondary synchronization signal.


Appendix C – Detection Performance Results
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	(a) Miss-detection rate for single shot detection	(b) Detection latency for multi-shot detection
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	(c) Residual CFO for multi-shot detection	(d) Residual timing error for multi-shot detection
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