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1 Introduction
In RAN1#87 meeting, NR synchronization signal was discussed and the following agreements were made regarding synchronization signal sequence [1]:
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.

In this contribution we provide our considerations for synchronization signal sequence.

2 General Design of SS
In LTE, PSS is used for initial symbol timing and frequency synchronization and detection of one of three physical layer IDs. For that purpose, three sequences for PSS are defined in LTE. Each PSS sequence is formed in the frequency domain based on the Zadoff-Chu (ZC) sequence and corresponds to a unique ZC sequence root. Such design of PSS potentially allows to use this signal as a reference for further coherent detection of SSS. Also, it reduces the number of SSS sequences to test in order to detect one of 504 physical cell IDs because the detected physical layer ID is a part of the cell ID.
From the UE complexity point of view, the detection of PSS is the most difficult task during the initial access. Without any prior knowledge, the UE should blindly test different joint hypotheses on symbol timing, PSS sequence (i.e., ZC sequence roots) and possibly a part of carrier frequency offset (CFO). In NR, the total number of hypotheses to test may be even larger if the position of synchronization signal would be different from the center frequency of NR carrier according to the latest working assumption [1]. In order to reduce the total number of hypotheses and, thus, the UE complexity, only a single sequence for PSS should be used in NR. Additionally, the single PSS enables SFN combining gain for improved timing detection in synchronized networks.

Proposal:

· Single sequence for PSS is used in NR
As only a single PSS is used in NR, the detection of cell ID is no longer depended on the PSS sequence. In this case, it would be beneficial to have a larger number of SSS sequences to maintain at least the same number of cell IDs as in LTE, i.e., 504, or even more. For NR, it would be challenging to have a large number of SSS sequences with good cross-correlation properties keeping the same transmission bandwidth for SSS as in LTE. Therefore, a straightforward way to expand the space of available SSS sequences is to increase the sequence length which implies wider bandwidth for SSS transmission in NR compared to LTE. Based on that, we propose the following
Proposals:

· To support more than 504 cell ID, use longer NR-SSS sequence lengths than in LTE

· To support longer NR-SSS sequences, the transmission bandwidth for SSS in NR is wider than in LTE
During RAN1#87, it was also agreed that at least the time index of SS block is indicated to the UE [1]. However, other information, such as subcarrier spacing, is required for the UE to complete initial access. In our companion contribution, we discuss the benefits of using the same subcarrier spacing for PBCH and downlink data channels [2]. The information about subcarrier spacing of PBCH/data channels should be also provided to the UE during initial access. Due to limited capacity of PSS and SSS, an additional Tertiary Synchronization Signaling (TSS) should be introduced for that purpose. This new signaling can be sequence-based where different sequences uniquely identify a combination of SS block time index, PBCH subcarrier spacing and other necessary parameters. Another possible option is a payload-based TSS design. In this case, the time index of SS block, subcarrier spacing of PBCH and other necessary parameters are encoded as the payload for TSS. Additionally, the encoded data can be scrambled with SSS sequence index and CRC-protected to improve the correctness of SSS detection. The SSS in this option can be used as a reference for coherent demodulation of TSS. This lead as to the following proposal
Proposal:

· Introduce an additional signaling to indicate at least the time index of SS block and subcarrier spacing for PBCH to the UE
3 PSS Sequence
In RAN1 #87, Zadoff-Chu sequence has been agreed as baseline for further study. One of the reasons for ZC to be good starting point for further study is that ZC was adopted for LTE PSS. After investigation, we have observed that ZC sequence had terrible sidelobes in the time/frequency offset detection ambiguity function. Figure 1 shows the time/frequency offset detection ambiguity function for ZC sequence of length 63 with root index 25, which is one of the sequence being utilized for PSS. The ambiguity function was plotted by taking the cross-correlation of the PSS OFDM symbol in a non-noisy environment.
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Figure 1. Detection Ambiguity Function for ZC sequence length of 63 with root index 25 (one of LTE PSS sequence)
The position of the false sidelobes of the detection ambiguity function is predetermined and is a function of the root index. This can show analytically shown. We also show additional detection additional ambiguity function plots for different root indices in the Appendix. Because the false sidelobe positions are known and well understood, it is possible for the receiver to take the false sidelobes into account during SSS detection, after PSS acquisition. However, this will be at the cost of additional processing or blind detection of the SSS.
If the PSS can be designed such that false sidelobes are minimized, the additional processing that would have been required can be re-directed to other process during the cell search procedure. There are numerous sequences that do not show bad sidelobes, and one of them is a pure M-sequence. Figure 2 shows the time/frequency offset detection ambiguity function for M-sequence of length 63 that was generated with primitive polynomial of x6 + x + 1. It shows a much sharp peak near origin and do not have false peaks in the detection ambiguity function.
[image: image5.png]Frequency Offset [subcarrier]

El

2

K

-60 -40 -20 o 20 40 60
Time Offset [sample]



 [image: image6.png]Time Offset [sample]

100

Frequency Offset [subcarrier]

09

08

o7

08

05

04

03

02

01




[image: image7.png]1o

09

0.8

07

06

05

0.4

03

02

0.1

0

M-Seq poly.= x%+x'+1

80 60 40 20 0 20

Time Offset [sample]

40



 [image: image8.png]09

0.8

07

06

05

0.4

03

02144

M-Seq poly.= x%+x'+1

01

Frequency Offset [subcarrier]

09

08

o7

08

05

04

03

02

01




Figure 2. Detection Ambiguity Function for M-sequence length of 63 generated with primitive polynomial of x6 + x + 1.
In summary, ZC sequence have false sidelobes that attribute to wrong time/frequency estimation. Although the position of these false sidelobes are well understood and the receiver may be able to cope with them, it is at the expense of additional computational complexity. Therefore, NR should investigate further of using alternative sequences other ZC that do not attribute large false sidelobes.
Proposals:

· RAN1 to investigate further in utilization of sequence other than ZC for PSS. Possible candidates are M-sequence.
4 Summary

In this section, we provide the full list of proposals made during the discussion on considerations for synchronization signal sequence
Proposals:

· Single sequence for PSS is used in NR

· To support more than 504 cell ID, use longer NR-SSS sequence lengths than in LTE

· To support longer NR-SSS sequences, the transmission bandwidth for SSS in NR is wider than in LTE

· Introduce an additional signaling to indicate at least the time index of SS block and subcarrier spacing for PBCH to the UE
· RAN1 to investigate further in utilization of sequence other than ZC for PSS. Possible candidates are M-sequence
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Appendix: Additional Detection Ambiguity Function Plots of ZC Sequence
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