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1. Introduction
In RAN1#87 and NR Ad-hoc #1 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.

Agreements:
· 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.

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 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 1:
· 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
Proposal 2:
· 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. 
Proposal 3:
· Introduce an additional signaling, i.e. Tertiary Synchronization Signal (TSS) to indicate at least the time index of SS block and subcarrier spacing for PBCH.



		
	(a) TDM between NR-PSS/SSS/TSS	(b) FDM between NR-PSS/TSS
[bookmark: _Ref474182854]Figure 1. Synchronization Signal Structure.

Figure 1 shows an example of the proposed synchronization signal structure taking into account all the proposals made above. 

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 2 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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[bookmark: _Ref471745308]Figure 2. 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 be analytically shown. We also show 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 such as blind detection of the SSS and multiple PBCH blind decoding for each ambiguous timing position.
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 3 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.
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[bookmark: _Ref471746078]Figure 3. 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 than ZC that do not attribute large false sidelobes.
Proposal 4:
· NR should support m-sequence as baseline sequence for NR-PSS

4. SSS Sequence
A straightforward approach to extend the NR-SSS to wider bandwidth is to reuse the LTE-like structure. The LTE-like design is based on two m-sequences interleaved in the frequency domain. Therefore, according to the design, the longer NR-SSS can be realized by increasing the length of the m-sequences, e.g., by adopting higher order generating polynomials. One advantage of using the m-sequences is the existence of simplified detection algorithm for them based on the Fast Walsh-Hadamard Transform (FWHT). However, due to the use of two shorter sequences in the LTE-like design to deliver cell ID, the cell-ambiguity issue may arise especially for the UEs at the cell edge. This has been a well-known since LTE time and described in numerous contributions [5][6][7]. 
The only method to fully resolve cell-ID ambiguity issue is the scramble the second m-sequence based on the first m-sequence. In LTE, only 8 different scrambling codes were used to scramble the second m-sequence. This does not fully resolve the cell-ID ambiguity.
The second issue stems from the use of two short sequences. The greatest benefit of using m-sequence is use of FWHT to perform ML detection in O(N log N) complexity and with using only adders. A regular ML detection would require O(N2). Although it is possible to perform FWHT to individual m-sequences, fast ML algorithm for detecting two m-sequence pairs do not exist. Performing piece-wise ML detection of each m-sequence will result in performance loss due to smaller spreading gain of the smaller sequence length. The only method to overcome this shortcoming is to perform full hypothesis ML detection which can be quite complex.
To overcome problems stated, NR-SSS based on long sequences should be considered. For example, two long m-sequences of length N may be generated from different primitive polynomials, and bitwise XOR operated to generate one long Gold sequence. An example, shown in Figure 4, illustrates the NR-SSS structure based on the Gold code. The two long m-sequences of length N are generated from a Gold pair primitive polynomials and combined into a single sequence via bitwise XOR operation. The different cell identities may be determined by the two cyclic shift versions of the two m-sequence. The two primitive polynomials can be chosen to obtain good cross-correlation properties between two distinct SS sequences. To reduce the UE complexity, the number allowed values for cyclic shift of one of the sequence may be restricted. For example, we can use 4 cyclic shifts of the first m-sequence of length 127, and all 127 cyclic shifts of the second m-sequence.
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[bookmark: _Ref474193610]Figure 4. An illustration of NR-SSS structure based on the Gold code
For such SSS sequence structure, the UE may perform a fast ML detection by first de-scrambling the first m-sequence with all possible cyclic shifts, e.g. 4 different cyclic shifts. Next the descrambled received signal passed through FWHT to detect the cyclic shift of the second m-sequence. Assuming that only L (note: L is small) cyclic shifts of the first m-sequence is utilized, full ML detection complexity is limited to O(LN log N). As long as the number of cyclic shifts of the first m-sequence is limited, we can perform full ML detection easily. 
The detection performance of two NR-SSS structures (LTE-like and Gold code-based) is shown in Figure 5. For this evaluation, minimal SS bandwidth occupied by NR-SSS was 5 MHz and subcarrier spacing was 30 kHz. In both scheme, realistic ML detection algorithm based on FWHT based used. From the figure it can be seen that the described Gold code-based structure is able to provide better performance than LTE-like structure. 
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[bookmark: _Ref474194379]Figure 5. PCID detection error rate
Proposal 5:
· NR should consider XOR of two long m-sequences (Gold code sequences) as baseline sequence structure for NR-SSS

5. TSS Sequence
As was mentioned in Section 2, there are two possible methods to indicate at least the time index of SS block. Specifically, the time index can be indicated by one of possible TSS sequences or encoded as the payload of TSS. In our companion contribution [3], we show two possible signal structures for TSS transmission also depicted in Figure 1. It should be noted that in both scheme, SSS can be used as the channel estimation source to perform coherence detection or demodulation and decoding of the TSS.
For example, assuming 5 MHz transmission bandwidth and subcarrier spacing of 30 kHz for NR-SS, the total number of available subcarriers is 144 (12 RBs). If the TSS occupies one OFDM symbol in the time domain, the available number of REs for TSS is 144 in case of TDM between NR-PSS/SSS/TSS, shown in Figure 1-(a). For FDM between NR-PSS/TSS, shown in Figure 1-(b), the number of available TSS REs is 72. Here we assumed one OFDM symbol shared by NR-PSS and NR-TSS in the time domain and 6 RB occupied by NR-PSS.
For payload-based design of NR-TSS, a robust modulation and coding scheme should be adopted in order to provide sufficient error protection of the payload even in harsh interference and nose environment, e.g., when SINR = - 6 dB. A reasonable assumption here is to choose for NR-TSS the same modulation and coding rate as for PBCH, i.e., QPSK and 1/12. In this case, the payload size is equal to 24 and 12 in case of TDM and FDM between NR-PSS/TSS, respectively. For example, if two different positions are available for SS block within NR slot, as shown in our companion contribution [4], and the total number of NR slots containing SS blocks is 10 per each radio frame, than the total number of bits carrying the SS block time index should be equal to 5 to cover 20 possible locations of SS block. Therefore, the capacity of NR-TSS is sufficient to provide the robust transmission of SS block time index.
Observations:
· The capacity of NR-TSS is sufficient to provide the robust transmission of SS block time index
 Proposal 6:
· RAN1 should investigate further on use of sequence-based or payload-based TSS to convey at least time index of the SS blocks.

6. Summary
In this section, we provide the full list of proposals made during the discussion on considerations for synchronization signal sequence.
Proposal 1:
· Single sequence for PSS is used in NR
Proposal 2:
· 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
Proposal 3:
· Introduce an additional signaling, i.e. Tertiary Synchronization Signal (TSS) to indicate at least the time index of SS block and subcarrier spacing for PBCH.
Proposal 4:
· NR should support m-sequence as baseline sequence for NR-PSS
Observations:
· The capacity of NR-TSS is sufficient to provide the robust transmission of SS block time index
Proposal 5:
· NR should consider XOR of two long m-sequences (Gold code sequences) as baseline sequence structure for NR-SSS
 Proposal 6:
· RAN1 should investigate further on use of sequence-based or payload-based TSS to convey at least time index of the SS blocks.
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